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ABSTRACT 

This paper describes the geology of a part of the region between the southem 
Sierra Nevada and Death Valley, one of the most rugged portions of the Great Basin, 
The topographic features of the mountain ranges in this region strongly suggest 
that each range owes its present height to faulting. In the western half of the 
area mapped, displacements of extensive basalt flows of probable early Pleistocene 
age support the topographic evidences of faulting. On the summits of the ranges 
are areas of low relief, believed to be remnants of a single old-age erosion surface 
which extended across the entire region before the beginning of the range-forming 
fault movements. The undisturbed erosion which produced this surface ended 
shortly before the deposition of the fossiliferous late Pliocene or early Pleistocene 
Coso formation; therefore, this surface is tentatively correlated with the Ricardo 
erosion surface of the Mohave Desert region, which bevels tilted early Pliocene strata 
and which is also dislocated by range-forming faults. 

The ranges are composed dominantly of pre-Tertiary rocks. The pre-Cambria 
metasediments, chiefly mica schists and dolomites, have an exposed thickness of 
15,000 feet. Limestones, dolomites, shales, and quartzites of Paleozoic age are 
more than 30,000 feet thick, and fossils collected in them indicate the probable 
presence of all the Paleozoic systems. During the late Jurassic Nevadian orogeny 
the pre-Mesozoic rocks were folded, faulted, and intruded by plutonic bodies ranging 
from granite to gabbro. All the post-Mesozoic rocks are believed to be Miocene a 
younger; they include a wide variety of volcanic and sedimentary types. 

Most of the faulting to which the region owes its present relief occurred in the 
early or middle part of the Pleistocene, probably after the first (McGee) glacial stage 
in the Sierra Nevada. The activity on one of the major fault zones, however, has 
continued into the Recent epoch. All the range-forming faults whose attitude 
could be determined are high-angle normal faults. 


INTRODUCTION 


The territory between the Sierra Nevada and Death Valley is the most rugged ani 
least-alluviated portion of the Great Basin and therefore offers excellent opportunities 
for the study of basin-range structure. Very little is known about the geology of this 
large region. This paper presents the results of an investigation in which a sti 
transverse to the major structural trends in this region was mapped in order thata 
accurate geologic section could be drawn. This strip is 6 miles wide and 67 mile 
long, in Inyo County, California, and extends from the crest of the Sierra Nevadato 
the floor of Death Valley approximately along the 36°16’ parallel of latitude. 
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Field work was done during the summer and fall of 1937 and the winter of 1937- 
1938. ‘The ruggedness of the country and the sparseness of soil and vegetation com- 
bine to give excellent conditions for geologic mapping. The geology was plotted on 
portions of the United States Geological Survey topographic sheets of the Olancha, 
Ballarat, and Furnace Creek quadrangles enlarged to a scale of 1 mile to 1 inch. 
The geologic map (Pl. 1) is a compilation of the field maps redrawn to a reduced 
scale and somewhat generalized. 

The writer acknowledges his indebtedness to Dr. L. F. Noble and Mr. R. P. 
Bryson, of the United States Geological Survey, and to Mr. H. D. Curry, of the 
United States National Park Service, for suggestions regarding the geology of the 
Panamint Range. Thanks are also due Dr. Edwin Kirk, Mr. L. G. Henbest, and 
Dr. Josiah Bridge, of the United States Geological Survey, and especially to the late 
Dr. G. H. Girty, of the same organization, for identifications of the fossils collected. 
Finally, the writer expresses his gratitude to the staff of the Division of Geological 
Sciences of the California Institute of Technology, and particularly to Professor 
]. P. Buwalda, for valuable advice and criticism. 


PREVIOUS GEOLOGIC WORK IN THE REGION 


That part of California between the Sierra Nevada and Death Valley has received 
relatively little attention from geologists. The small scale of the United States 
Geological Survey topographic maps, the great distances between roads and sources 
of water, the excessive summer heat, and the scarcity of economically important 
mineral deposits have discouraged geologic work. Consequently, most accounts of 
the geology of this region are short reports based on rapid reconnaissances. 

Prior to 1900, parts of the strip mapped in the present study were mentioned in 
geological notes by Whitney (1865, p. 473-474), Gilbert (1875, p. 34, 124), Goodyear 
(1888, p. 225-226, 240), and Fairbanks (1894, p. 473; 1896, p. 71-73). M.R.Camp- 
bell (1902, p. 19-20; 1903), in his report on a reconnaissance of the borax deposits of 
eastern California, commented briefly on certain features of the geology of the 
Panamint Range and Death Valley. In 1903 the United States Geological Survey 
published a compilation of all existing knowledge of the geology of southern Nevada 
and east-central California (Spurr, 1903). Spurr’s rough geologic map, with a scale 
of 15 miles to the inch, was the first attempt to indicate the rock types exposed in all 
parts of the region between the Sierra Nevada and Death Valley. A somewhat more 
detailed reconnaissance map, which followed shortly, portrayed the geology of a 
large part of western Nevada but included only the northern portion of Death Valley 
in California (Ball, 1907). 

The next publications dealing with the geology of the region were brief notes on the 
Coso Range (Reid, 1908) and on the Darwin mining district (Knopf, 1914). A highly 
generalized geologic map of Inyo County was published by the California State 
Mining Bureau shortly thereafter (Waring, 1917). In 1918 the results of the recon- 
naissance of the Inyo Range and the east slope of the southern Sierra Nevada by 
Adolph Knopf and his associates were published. They formed the most important 
contribution to the geology of the Great Basin in California which had thus far 
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appeared. Several years later the fault zones on the east sides of the southern parts 
of Panamint and Death Valleys were briefly described (Noble, 1926). 

Within the past decade four papers have appeared which bear directly on the 
geology of parts of the area mapped in the present study. The first presented the 
results of an investigation, chiefly petrographic, of a portion of the southern Pang. 
mint Range (Murphy, 1932). A short preliminary report on the rocks of south. 
eastern Death Valley followed (Noble, 1934). In 1937 a description of a late Pliocene 
or early Pleistocene vertebrate fauna from the Coso Mountains was published 
(Schultz, 1937). Late in the same year the results of a detailed study of the Darwin 
mining district appeared in an article by V. C. Kelley. 


GEOMORPHOLOGY 
GENERAL FEATURES 


The area is of high relief, with elevations ranging from 10,000 feet, on the crest of 
the Sierra Nevada, to below sea level on the floor of Death Valley. All ranges be 
tween the Sierra and Death Valley reach elevations of more than 8000 feet. Three 
major geomorphic elements are represented: (1) alluviated valleys with no outlets to 
the sea which drain into basins in or near the area mapped; (2) steep, rugged mountain 
slopes, which form the sides of the ranges; and (3) surfaces of relatively low relief 
which occupy the highest parts of the ranges and appear to be remnants of a single 
erosion surface of subdued topography which once extended across the entire region. 
In contrast with most of the Great Basin, the alluviated valleys between the ranges 
are narrower than the ranges themselves. 

Areas of low relief constitute the summit portions of the Sierra Nevada and of the 
Coso, Argus, and Panamint ranges to the east. Bedrock is exposed at the surface 
over the greater part of these areas, but in some of their lower portions—for example, 
in Centennial Flat in the Coso Range, and in White Sage and Harrisburg flats in the 
Panamint Range—thin deposits of Quaternary alluvium cover parts of the erosion 
surfaces preserved on the surrounding bedrock. Each of these high areas is being 
continuously reduced by headward erosion of the steep canyons on the sides of the 
ranges and each is manifestly a surface of old-age topography which was developed at 
a lower elevation and has been uplifted in the recent geologic past. Thus, the region 
as a whole is in a youthful stage of the erosion cycle begun by the most recent major 
deformation. 

When the old-age erosion surface of low relief extended completely across the 
region, flows of olivine basalt were extruded upon parts of this surface in the westem 
portion of the area studied. The parts of the Coso and Argus ranges crossed by the 
line of the geologic section of Plate 1 were very flat at the time of the basalt extrusion, 
but in the eastern portions of these ranges within the mapped strip there is evidence 
that the old erosion surface included hills several hundred feet high which wer 
partly surrounded by lava. In the area mapped, no parts of the summit surfaces 
subdued relief in the Sierfa Nevada and Panamint Range are covered by basal 
sheets; however, north of Towne’s Pass an east-dipping basalt sheet of considerable 
size caps the smooth summit of the Panamint Range. 
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Ficure 1. West FLanx or Coso RANGE 
In the foreground is Haiwee Reservoir. White exposures are lake beds and rhyolitic tuffs of the Coso 
formation. In background the step-faulted black basalt flows rest on Coso formation and on granitic core 
of the range. Cactus Flat lies directly behind the hill marked H. (Aerial photograph by J. H. Maxson) 


Ficure 2. Lava-cappep STEPS ON West S.Lope or Arcus RANGE 
Seen from Darwin Hills. Basaltic talus covers “risers” of three lowermost steps. At left of steps is an 
eroded cinder cone. 
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Ficure 1. Looxtnc Soutn ALonG TRACE OF STRIKE-SLIP FAULT ON West EpGe or PANAMINT RANGE Dar 
Just south of Towne’s Pass road. Photograph taken at point marked P on Figure 2. of th 
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Ficure 2. PANAMINT RANGE NEAR TOWNE’S Pass 
Photograph taken from position over northern Panamint Valley, looking northeast. At bottom is trace, where 
about 2 miles long, of recent strike-slip fault on west edge of the range. Figure 1 was taken at P with Paleo: 

camera pointed south. (Aerial photograph by J. H. Maxson) parts 
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On the east side of the Sierra Nevada, the west side of the Argus Range, and on the 
east and west sides of the Coso and Panamint ranges, the descents from the summit 
areas of low relief to the alluviated intermont valleys are steep and abrupt. All are 
believed to be fault scarps. The west sides of the Coso, Argus, and Panamint ranges 
include scarps known to have resulted from step-faulting, for in many instances the 
traces of the scarp-forming faults can be observed, and the displacements along these 
faults can be measured. The step-faulted nature of the west flanks of the Coso and 
Argus ranges is particularly evident because of the displacement of the thin basalt 
sheets (Pl. 2, figs. 1, 2). 

Between the Coso and Argus ranges is a hilly tract of relatively low relief, a slightly 
deformed and somewhat dissected portion of the old-age surface represented on the 
summits of the bordering ranges. This tract includes Coso Valley and the hills 
immediately to the east; the Darwin Hills, in which the silver-lead deposits of the 
Darwin mining district are located; and Darwin Wash. Lower Darwin Wash, east 
of the Darwin Hills, is an alluviated area in which white lacustrine beds attest the 
presence of a former lake. Headward erosion of Darwin Canyon, a narrow gorge 
which empties into Panamint Valley, has recently drained this former lake. By this 
tapping of the lake, the base level of most of the intermittent streams draining the 
Darwin Hills and the west slope of the Argus Range has been lowered from the level of 
Darwin Wash to that of the playa in northern Panamint Valley. This 2000-foot 
lowering of base level has resulted in considerable dissection of the lake beds and allu- 
vial deposits of Darwin Wash. 


PANAMINT VALLEY FAULT ZONE 


The fault along the east edge of Panamint Valley south of Wildrose Canyon has 
been named the Panamint Valley fault by Noble (1926, p. 425). The term Panamint 
Valley fault zone would therefore seem appropriate for the zone of faults along the 
entire east side of Panamint Valley, north as well as south of Wildrose Canyon. 
This is the widest and most complex fault zone within the strip mapped, and move- 
ments along it have been very great. Its geomorphic features deserve special 
consideration. 

The west flank of the Panamint Range rising from Panamint Valley is unusually 
steep and high. From the valley floor near Indian Ranch at an elevation of 1100 
feet it rises 9945 feet to the summit of Telescope Peak in a horizontal distance of 
slightly more than 7 miles; this is its highest, but not its steepest, part. The steepest 
sustained slope is just east of the northern end of Panamint Valley, where a rise of 
4000 feet occurs in a horizontal distance of 2 miles. These two steep parts are re- 
spectively south and north of a broad convex salient in the west front of the range 
where the slope is considerably less steep. (See index map, Plate 1.) Resistant 
Paleozoic and pre-Cambrian sedimentary and metamorphic rocks form the steep 
parts of the slope south and north of the salient, but in the salient itself Tertiary 
fanglomerate and volcanic rocks, intricately dissected into a badland area, form the 
front of the range. ‘ 

There are striking topographic evidences of recent faulting along the west base of 
the Panamint Range, particularly south of Wildrose Canyon (Noble, 1926, p. 425- 
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428). Here the range front is steep and high, as already noted, but the alluvial fan 
at its base are so small in comparison with those extending east from the Argy 
Range that the lowest part of Panamint Valley is close to the foot of this scarp instead 
of in the center of the valley. The volume of these fans along the west base of the 
Panamint Range represents only a very small fraction of the volume of rock remoyej 
in the cutting of the canyons which extend up into the range. Thus, the late mov. 
ments on the zone of faulting along the east edge of Panamint Valley must hay 
involved not only a raising of the mountain block to the east but also a lowering of the 
valley block west of the fault zone so that the pre-existing piedmont alluvial slop 
along the west margin of the Panamint Range could be covered by fans spreading 
eastwardly from the Argus Range. In some of the most recent movements on this 
fault zone, however, small apical portions of fans at the west base of the Panamint 
Range have been uplifted with the range, and minor west-facing scarps have been 
produced in the alluvium, as exemplified in a re-entrant in the range east and south¢ 
Ballarat. The main bedrock scarp itself is oversteepened at its base, but the maje 
portion of the scarp, as Noble (1926, p. 425) has pointed out, slopes west at about 3%. 
In some places, notably a few miles south of Ballarat, this 35-degree slope forms: 
nearly plane surface of very considerable area, 2000 to 3000 feet high, which js 
dissected only by narrow acutely V-shaped gullies running directly down the slop 
(Pl. 4, fig. 1). From a distance, the range front here appears to be a fault footwall» 
recently exposed to erosion that the huge facets are nearly continuous remnants of the 
fault surface itself. The rock in which the facets are cut is greatly crushed, sheared, 
and discolored, which strengthens the impression that the facets actually represent 
the surface of a fault (Noble, 1926, p. 426-427). 

One of the most conspicuous evidences of recent faulting along the west edge of the 
Panamint Range is a large north-trending graben in the alluvium just south of th 
mouth of Wildrose Canyon. This structural feature is expressed topographically asa 
depression over 3 miles long, nearly a mile wide, and 400 feet deep in its deepest part 

Large fans spread out from the mouths of Wildrose Canyon and the canyons north 
of Wildrose into Panamint Valley, so that opposite and north of Wildrose Canym 
the lowest part of the valley is in the valley’s center. The west-facing scarps on th 
east side of the valley here, however, show unmistakable evidences of very recent 
movement on the faults which lie at their bases, as will be explained in a followi 
paragraph. The presence of large alluvial fans at the west base of the Panamit 
Range opposite and north of Wildrose Canyon and their absence farther south 
probably result from the differences in bedrock types on the west slope of the range 
As the latest uplift of the range by faulting progressed, the pre-Cambrian mete 
morphic rocks of the range front south of Wildrose Canyon resisted erosion to sucha 
extent that very small fans are present at their base, whereas the softer material d 
the salient of Tertiary rocks yielded enough detritus for the building of large fans. 

At the mouth of Wildrose Canyon there is a pronounced change in the directiond 
trend of the west margin of the Panamint Range which coincides with the south eal 
of the badland salient of Tertiary rocks. South of this point the margin of the rang 
trends almost due north, but north of Wildrose Canyon, in the area to which pi 
ticular attention was devoted in this study, the range margin trends N.40°W. Nori 
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of the canyon the west slope is considerably gentler than to the south, but the range 
front is rectilinear and is not embayed by heads of alluvial fans. This suggests that 
the uplift of this part of the range by faulting has been as recent as it was farther 
south but that the slope is less steep here because the uplift is accomplished by step- 
faulting rather than by faulting along a single break and because the rate of erosion 
of the soft Tertiary formation in this salient is more rapid than that of the old meta- 
morphic rocks to the south. 

The suggestion of recent fault uplift of this part of the range conveyed by its general 
form is convincingly supported by an examination of the smaller topographic features 
along the west edge of the salient. Just north of the mouth of Wildrose Canyon is a 
series of aligned, triangular-faceted spur-ends at the edge of the range. Within the 
range itself, near its western edge, are two prominent west-facing scarps, each a few 
hundred feet high, unquestionably the result of faulting. The locations of these 
scarps are indicated by the positions of the faults shown on the geologic map. The 
most impressive topographic feature indicating recent tectonic activity in this zone, 
however, is a rectilinear fault trace, along which stream courses have been displaced, 
at the west edge of the range just south of the Towne’s Pass road. This fault trace 
(Pl. 3, figs. 1, 2) extends 2 miles in a northwesterly direction and is crossed by 19 
stream gullies which have been offset by strike-slip movement on the fault in such a 
way as to show that the southwest side of the fault moved relatively northwest. The 
recent movement on this fault also included a dip-slip component, the southwest side 
of the fault having been raised relative to the northeast side by about 40 feet in the 
central part of the trace where the movement was greatest. This dip-slip movement 
thus raised the valley block with respect to the mountain block, creating a series of 
range-facing scarps and a narrow discontinuous trench along the edge of the range. 
The offset stream courses originate on the slope of the range and run west to this 
trench, which they follow northwestward for a short distance before resuming their 
former trend by turning westward to run out upon the alluvial fans. The recent 
fault movement here has thus resulted in the development of shutterridges, features 
characteristic of certain other active faults in California (Buwalda, 1936). During 
the considerable time which has elapsed since the fault movement displaced the 
gullies, infrequent torrents have rounded off the sharp angles of the stream courses at 
the fault trace, and two of the larger courses have been completely straightened by 
thisprocess. This rounding of the angles in the stream courses lessened to some extent 
the accuracy of the measurement of horizontal dislocation along the fault. Offsets 
of the different streams range from 80 to 200 feet, with the larger offsets in the central 
part of the fault trace. Similar recent strike-slip faults, with the same direction of 
relative movement, have been recently reported in Death Valley (Curry, 1938). 

The small portion of Death Valley included within the area of this study is on the 
western edge of the deepest part of the valley, between the high central portions of the 
Panamint and Black mountains (PI. 4, fig. 2). The valley’s lowest point, 280 feet 
below sea level, is on its eastern edge; just east of this point the very steep west- 
facing scarp of the Black Mountains rises 5000 feet in a horizontal distance of 2 miles 
(Pl. 4, fig. 3). On a large part of this scarp triangular facets are so well developed 
that the entire lower half of the scarp is virtually a plane surface, dissected only by 
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narrow slotlike canyons with very small alluvial cones at their mouths. The simi 
larity of this scarp on the west side of the Black Mountains to the scarp on the west 
side of the Panamint Range south of Wildrose Canyon (PI. 4, fig. 1) has been stressed 
by Noble (1926, p. 425), who described both features and showed that they are the 
result of faulting along zones at the eastern edges of Death and Panamint valleys, 
The great contrast between these scarps and the steep and rugged, but deeply dis. 
sected, east slope of the Panamint Range can readily be seen from a comparison of the 
three photographs of Plate 4. On the west sides of the Panamint and Black moun- 
tains the contacts between bedrock and alluvium are nearly straight, and the spur. 
ends are exceptionally well faceted; on the east side of the Panamint Range the bed- 
rock-alluvium contact is sinuous, with heads of alluvial fans extending far up the 
canyons into the range, and spur-end facets are lacking. The geomorphic evidence is 
plain that the deepest part of Death Valley attained its present position by being 
depressed along the fault zone at the west base of the Black Mountains, just as the 
deepest portion of Panamint Valley was lowered along the Panamint Valley fault 


zone. 


AGE OF THE EROSION SURFACE OF LOW RELIEF 


Certain features of the geology of the Coso Range afford a means of dating the 
old-age erosion surface recognized in the high parts of the mapped area. At low 
elevations around the west, north, and east margins of this range are exposures of 
gently dipping, poorly consolidated sediments of the Coso formation. At the base of 
this formation is a coarse fanglomerate consisting of fragments of granitic rocks 
similar to the material composing the core of the range. The composition of this 
fanglomerate, and its distribution around the edges of the range, indicate that its 
deposition was induced by an uplift of the range after the long-continued degradation 
that developed the old-age erosion surface now represented on the summit. Since 
the Coso formation is dated as late Pliocene or early Pleistocene on the basis of fossil 
vertebrates (Plesippus fauna) found in its basal fanglomerate (Schultz, 1937), p. 86- 
98), it follows that at least the latter part of this degradation took place in the middle 
or latter part of the Pliocene epoch. 

Only a part of the present relief was caused by this uplift just prior to the deposition 
of the Coso formation; much of the height of the range is the result of a later uplift 
which occurred after the deposition of the Coso formation and the extrusion of the 
overlying basalt, and which took place chiefly along step-faults on the west border of 
the range. The uplift immediately preceding the deposition of the Coso formation 
was accomplished, in part at least, by movement along the fault zone on the east edge 
of the range now buried by the Coso formation, basaltic lava, and Quaternary 
alluvium. On its west border, the range may have been uplifted at this time by 
faulting or warping. 

Forty miles south of the Coso Range is the type locality of the Ricardo erosion 
surface, a surface of very low relief which bevels tilted beds of the Ricardo formation 
(Baker, 1911, p. 138). Vertebrate fossils (Hipparion mohavense fauna) in the Ricardo 
beds establish the age of this formation as early Pliocene. At various places near its 
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Ficure 1. West Face or PanamMint RANGE A Few Mites Sours or 
BALLARAT 
Portion of range shown is about 7 miles long; relief is more than 7000 
feet. Cut in resistant pre-Tertiary rock, the slightly dissected face of the 
Tange approximates a plane surface. Summit is a remnant of an old 
erosion surface of low relief. 


ALLEY AND East SLopE oF PANAMINT RANGE IN 
AREA Maprep 
In foreground is salt flat on floor of Death Valley. In distance, behind 
large alluvial fans, is rugged, deeply dissected east flank of Panamint 
Range. Large canyon on left is Trail Canyon. On summit of Panamint 
Range can be seen the smooth, rounded slopes and subdued relief of the 
old erosion surface whose development antedates uplift of the range. In 
background are Sierra Nevada gnd Inyo Range. (Aerial photograph by 
J. H. Maxson) 


Ficure 3. Portion or West Face or Brack Mountains 
Looking southeast from over center of Death Valley. Length of west 
front of Black Mountains shown is about 9 miles. This steep little- 
dissected mountain face strongly resembles west face of Panamint Range 
in Figure 1. Summit upland of subdued relief appears in background. 

In left foreground is lowest part of Death Valley. 


PANAMINT RANGE AND BLACK MOUNTAINS 
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type locality the Ricardo surface has been covered by thin flows of olivine basalt and 
has later been deformed, chiefly by faulting, to create the present relief of the region 
(Baker, 1911, p. 366-367, Pl. 42; 1912, p. 126-128, 131-132). If this basalt is cor- 
relative with the similar flows capping the old-age erosion surfaces of the Coso and 
Argus ranges, as seems highly probable, the Ricardo surface and the erosion surface 
preserved in the summit portions of the Coso and Argus ranges both existed and were 
both partially covered by olivine basalt flows, just before the faulting to which this 
general region owes most of its present relief. The old erosion surface in the Coso 
Range was formed shortly before the deposition of the late Pliocene or early Pleisto- 
cene Coso formation; the Ricardo surface truncates deformed strata of the early 
Pliocene Ricardo formation. The suggestion is very strong, therefore, that the 
Ricardo surface and the surface preserved on the summits of the Coso, Argus, and 
Panamint ranges are of the same age and that they were developed by erosion during 
the interval between the deposition of the Ricardo and Coso formations. This 
interval corresponds approximately to the middle and latter part of the Pliocene 
epoch and may also include a small part of early Pleistocene time. 

In much of the surrounding territory the Pliocene is thought to have been an 
epoch of erosion with little or no crustal movement. In the Sierra Nevada, the 
canyons produced by the late Miocene uplift of the range had widened to mature 
valleys by the latter part of the Pliocene (Matthes, 1933, p. 36). Baker (1911, 
p. 361-365; 1912, p. 138) has pointed out that the Ricardo surface is developed over 
much of the Mohave Desert, and he believes that it may be represented on the 
summit of the San Bernardino Mountains. Old-age erosion surfaces, many of them 
of suspected late Pliocene or early Pleistocene age, have been reported in the high 
parts of several of the ranges of southwestern Nevada, notably the Amargosa, 
Belted, and Kawich ranges (Ball, 1907, p. 116, 99-100, 119), Cedar Mountain 
(Buwalda, 1914, p. 362), the Toyabe Range (Meinzer, 1915, p. 90), the Toquima 
Range (Ferguson, 1924, p. 61-62), and the Spring Mountains (Hewett, 1931, p. 4-5). 
It therefore seems highly probable that during the Pliocene epoch of crustal stability 
the southern Sierra Nevada and the southwestern Great Basin were reduced by ero- 
sion to a condition of low to moderate relief. The lack of known middle or early 
upper Pliocene land-laid deposits in the California desert region south and east of 
the Sierra Nevada suggests that the rock which was removed during the development 
of this surface of low relief was carried to the Pacific. Reed (1933, p. 251) has already 
inferred that the exceedingly thick clastic Pliocene marine sediments of the Los 
Angeles and Ventura basins in coastal California were derived from the Mohave 
Desert region. 

The extensive surface of low relief began to be broken by block faulting late 
in the Pliocene or early in the Pleistocene. The elevated blocks, or the elevated 
parts of tilted blocks, form the present mountain ranges, and the depressed blocks, 
or the depressed parts of tilted blocks, form the present basins. Considerable erosion 
in the mountains and depositon in the valleys have occurred since the faulting began, 
but the region is still in a decidedly youthful stage in the erosion cycle begun by 
the dislocation of the late Pliocene or early Pleistocene surface. 
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STRATIGRAPHY AND PETROGRAPAY 
GENERAL STATEMENT 


The rocks exposed in the mapped area range in age from pre-Cambrian to Quater. 
nary. Outcrops of pre-Cambrian rocks are confined to the Panamint Range, wher 
the exposed pre-Cambrian metasedimentary rocks have a thickness of approximately 
15,000 feet. Paleozoic rocks are widely distributed, outcropping in the Darwin Hills 
and in the Argus and Panamint ranges. They consist almost entirely of limestones, 
dolomites, quartzites, and shales. Fossiliferous horizons are sufficiently numerous to 
indicate that all the Paleozoic systems, with the possible exception of the Permian, 
are represented. The thickness of the Paleozoic rocks is slightly over 30,000 feet, 
about three-quarters of which comprises Cambrian and Carboniferous beds. No 
Mesozoic sediments were found, but the widespread granitic intrusive rocks are 
thought to be late Jurassic. Tertiary rocks, sedimentary and volcanic, are exposed 
in the Coso and Panamint ranges. The basalt cappings of the Coso and Argus 
ranges are probably early Quaternary; various lacustrine and alluvial deposits are 
known to be Quaternary. 


PRE-CAMBRIAN ROCKS 


The central portion of the Panamint Range is the only part of the area mapped 
where pre-Cambrian rocks are exposed. Nearly all these rocks are metasedimentary, 
and schist is the most abundant type. The metasediments have a general easterly 
dip and are overlain unconformably by lower Cambrian strata. 

The pre-Cambrian rocks were studied less than any of the other units mapped, 
and their stratigraphy was not thoroughly investigated. Approximately the 
lowest third of their exposed thickness, outcropping in and north of lower Wildrose 
Canyon, consists of strongly metamorphosed quartz-biotite schists and crystalline 
limestones intruded by a few small bodies of diabase. Murphy (1932, p. 337-342), 
in his study of a part of the Panamint Range south of Wildrose Canyon, named this 
group the Panamint metamorphic complex. 

Above these rocks is a group of approximately equal thickness which consists pre- 
dominantly of quartz-biotite schist, slate, and phyllite, but also contains a few thin 
dolomitic limestone, quartzite, and metamorphosed conglomerate members. Most 
of these rocks weather to a dark brown and are well exposed on both sides of the road 
connecting Wildrose Canyon with Harrisburg Flat. On the basis of stratigraphic 
position and lithologic similarity this second pre-Cambrian group is believed to be 
correlative with the Surprise formation of Murphy (1932, p. 344-348). Because the 
Panamint metamorphic complex is more coarsely crystalline and more highly meta- 
morphosed than the Surprise formation, Murphy suggested that these units are sepa- 
rated by an unconformity. There is similar evidence of a depositional break in the 
area north of Wildrose Canyon, but no actual exposure of an unconformity was seen. 

The uppermost third of the exposed thickness of the pre-Cambrian rocks is com 
posed chiefly of thin-bedded buff dolomitic limestone, with a few interbedded schist 
members. This highest unit of the pre-Cambrian is at least in part correlative with 
Murphy’s Telescope group (1932, p. 348-350). It overlies the schist-slate-phyllite 
group of the middle pre-Cambrian without angular discordance. 
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Murphy found no fossils in the part of the Panamint Range which he studied, but 
on lithologic grounds he tentatively assigned the Surprise formation and the 
Telescope group to the lower Paleozoic. Noble (1934, p. 174) has suggested that 
Murphy’s Panamint metamorphic complex may be Archean and the Telescope group 
Algonkian. This suggestion is supported by the discovery, during the present 
investigation, of Lower Cambrian fossils in beds which overlie the Telescope group 
unconformably. 


CAMBRIAN AND ORDOVICIAN ROCES 


Resting upon the pre-Cambrian rocks of the Panamint Range with a pronounced 
angular unconformity is a thick group of apparently conformable strata in which 
Cambrian and Ordovician fossils were found. The lowest of these strata in which 
determinable Lower Cambrian fossils occur are about 5000 feet stratigraphically 
above the base of the group. Although the age of the lower 5000 feet of this group is 
thus not known from paleontologic evidence, these beds are believed to be lower 
Cambrian, and the nonconformity at their base is considered to bethe base of the 
Cambrian rocks in the area. The Cambrian and Ordovician rocks lie on the east 
slope of the Panamint Range and are excellently exposed in Trail Canyon (PI. 5). 
Their total exposed thickness is about 15,000 feet. Though fossils are scarce, the 
presence of distinctive lithologic units in the Cambrian and Ordovician section makes 
possible correlations with formations previously named and described in the region 


east of Death Valley. Definite correlations are not possible for the post-Ordovician 


rocks. A columnar section of the Paleozoic rocks exposed in the area is given as 
Figure 1. Figure 2 shows the area of this report in its relation to neighboring areas 
where the Paleozoic rocks have been studied. 

Johnnie formation (lower Cambrian).—The basal Cambrian beds are shales, slates, 
and phyllites, with subordinate interbedded limestones and dolomites. The shales, 
slates, and phyllites, gray or greenish gray on fresh surfaces, are highly fissile, with 
cleavage usually, but not always, parallel to the bedding planes. These rocks fre- 
quently contain small cubes of hematite which are pseudomorphous after pyrite. 
Gray dolomite and pinkish buff dolomitic limestone members are particularly 
abundant in the northern part of the area but nowhere comprise more than one-fifth 
of the total section. 

This lowermost Cambrian unit, about 1500 feet thick, is correlated with the lower 
Cambrian Johnnie formation of the region east of Death Valley, but it is believed 
that probably only the upper part of the Johnnie is represented in the area mapped. 
Nolan (1929, p. 462-463) has described very similar greenish slaty shales from the 
upper part of the type Johnnie formation in the Spring Mountains of southern 
Nevada, where the formation attains a total thickness of more than 4500 feet. 
Brown and greenish shales and thin dolomites are likewise the dominant rocks of the 
upper part of the Johnnie (?) formation in the Nopah Range, 35 miles east of Death 
Valley (Hazzard, 1937, p. 279). In this latter locality the Johnnie (?) is 2550 feet 
thick and is underlain conformably by the thick basal Cambrian Noonday dolomite. 

Low-angle thrust faults of large displacement and of post-Paleozoic age have been 
discovered in the region directly east of Death Valley (Glock, 1929, p. 335-337; 
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Ficure 1.—Columnar section of the Paleozoic rocks 
Breaks in the section indicate that the sequence is interrupted by faulting 


Nolan, 1929, p. 465-471; Hewett, 1931, p. 43-55; Noble, 1938). On many of thes 
thrusts the amount and direction of horizontal movement are unknown. It és, 
therefore, somewhat hazardous to speculate about Paleozoic paleogeography on the 
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FicurE 2.—Index map of a part of southeastern California and southwestern Nevada 


Showing areas where the Paleozoic rocks have been studied 

(1) Southwestern Nevada and an adjacent part of eastern California (Ball, 1907). Reconnaissance geologic map. 
Only slight attention devoted to Paleozoic stratigraphy. 

(2) Southern and central portion of the Inyo Range (Knopf and Kirk, 1918). Reconnaissance geologic map. 

(3) East-central part of the Spring Mountain Range (Glock, 1929). Geologic map. 

(4) Northwest part of the Spring Mountain Range (Nolan, 1929). Geologic map. 

(8) Goodsprings quadrangle (Hewett, 1931). Geologic map. 

(6) Providence and Marble Mountains (Hazzard, 1933, 1938). Geologic map; particular attention to Cambrian rocks. 

(7) Nopah and Resting Springs Ranges (Hazzard, 1937). Columnar section. 

(8) Area described in the present paper. 


basis of the present meager data. However, the overlap indicated by the absence of 
the Noonday dolomite and of the lower part of the Johnnie formation from the portion 
of the Panamint Range mapped in the present study strongly suggests a transgression 
of the lower Cambrian sea across the Death Valley region from east to west. 
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Stirling(?) quartzite and Wood Canyon formation (lower Cambrian).—Above the 
Johnnie formation is a quartzite unit, with a maximum thickness of about 1200 feet, 
believed to represent the Stirling quartzite, which overlies the Johnnie formation in 
the Spring Mountains (Nolan, 1929, p. 463) and in the Nopah Range (Hazzard, 1937, 
p. 278-279). This quartzite, in beds several inches to several feet thick, is white and 
gray, weathering to a light pinkish brown, and is fine to medium grained. To the 
south the unit thickens and contains several thin black slate members. Many of the 
quartzite beds are cross-laminated or ripple-marked, and pebbly lenses are not 
uncommon. The correct position for the top of the Stirling (?) quartzite is not 
known, for the lower part of the overlying Wood Canyon formation is composed 
largely of similar quartzite. The thickness of the combined Stirling (?) quartzite 
and Wood Canyon formation is considerably less here than in the Nopah Range, and 
it is possible that the Wood Canyon formation rests directly on the Johnnie and that 
the Stirling quartzite is not represented in this area. For this reason the Stirling (?) 
quartzite and Wood Canyon formation have been mapped together as a single unit. 

Overlying the Stirling (?) quartzite is about 2600 feet of lower Cambrian strata 
referred to the Wood Canyon formation, originally described by Nolan (1929, p. 463- 
464) from the Spring Mountains and recently recognized by Hazzard (1937, p. 278) 
in the Nopah Range. The Wood Canyon formation is composed largely of quartzite 
but contains shale and limestone in its upper part. The lowermost 2300 feet of the 
formation consists almost wholly of cross-laminated brown and gray quartzite inbeds 
averaging 1 to 4 feet in thickness. Ripple marks are common in the quartzite, and 
pebbly lenses are distributed through the section. In its upper half the quartzite 
unit is micaceous and somewhat shaly and contains a few beds of gray, brown- 
weathering sandy dolomite. 

At the top of this quartzite unit is a very conspicuous member, about 70 feet 
thick, consisting of light-pink cross-laminated saccharoidal quartzite. This is 
identified as the Zabriskie quartzite member, named by Hazzard (1937, p. 309) 
from the upper part of the Wood Canyon formation in the Nopah Range. Aguerre- 
berry Point, popular with Death Valley visitors because it affords an excellent view of 
the valley, is located on an outcrop of the Zabriskie quartzite. The Zabriskie member 
is traceable across most of the area mapped and is known at many other localities in 
this general region. Gray quartzites just below the base of the Zabriskie contain 
tubelike structures, several inches long and oriented perpendicular to the bedding 
planes, which appear to be sand-filled borings of worms of the Scolithus type. Similar 
tubes are present at the base of the Zabriskie in the Nopah Range. 

Immediately above the Zabriskie quartzite a green shale member about 100 feet 
thick weathers into small thin platy chips. Interbedded with the shale are thin 
layers of brown calcareous sandstone, not more than 2 inches thick, containing 
trilobite remains which locally are very abundant. A collecting locality in this zone 
which is better than any discovered in the mapped area lies just east of Mosaic 
Canyon on the north edge of Tucki Mountain, 15 miles north of Harrisburg. The 
trilobite fragments of this zone were identified by Dr. Josiah Bridge as representing @ 
single species, probably Olenellus gilberti Meek, indicative of lower Cambrian age. 
Lower Cambrian fossils have been found in similar rocks directly above the Zabriskie 
quartzite in the Nopah Range (Hazzard, 1937, p. 278). 
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Above this green shale is about 200 feet of dark-gray and reddish limestones and 
greenish shales. These beds extend upward without any break into the overlying 
thick Cambrian and Ordovician limestones and dolomites, so that here, as in the 
Nopah Range, the upper limit of the Wood Canyon formation is not well defined. 

The Stirling (?) quartzite and the lower part of the Wood Canyon formation are 
similar to, and may be correlatives of, the lower Cambrian Prospect Mountain 
quartzite of southern Nevada (Ball, 1907, p. 28; Westgate and Knopf, 1932, p. 6-8) 
and the lower Cambrian Campito sandstone of the Inyo Range (Knopf and Kirk, 
1918, p. 27-28). The part of the Wood Canyon formation above the Zabriskie 
quartzite is similar lithologically to the lower Cambrian Pioche shale, which lies just 
above the Prospect Mountain quartzite at Pioche, Nevada, and also contains Olenellus 
gilberti (Westgate and Knopf, 1932, p. 10). 

Cambrian and lower Ordovician dolomite and limestone-—Overlying the Wood 
Canyon formation conformably is a series of limestones, dolomitic limestones, and 
dolomites approximately 9000 feet thick. These rocks are crystalline and thin- 
bedded and consist of alternating light- and dark-gray layers (Pl. 5). In the lower 
part of the series the dark-gray dolomitic limestones are in places mottled with light- 
gray stringers of dolomite. In the entire series there are no conspicuous marker 
beds. No fossils were found in the lower part of the dolomitic series, but near its 
top, just below the Eureka quartzite, is a zone in which specimens of a large gastropod 
and a sponge are quite abundant. Dr. Edwin Kirk identified these forms, from fossil 
locality 8, as Mitrospira longwelli Kirk and Receptaculites sp., respectively; the gastro- 
pod is a typical upper Pogonip (lower Ordovician) fossil. 

A similar series of limestones, dolomitic limestones, and dolomites, about 8000 feet 
thick, occupies the same stratigraphic position, between the Wood Canyon formation 
and the Eureka quartzite,in the Nopah Range (Hazzard, 1937, p. 276-278). In this 
series Hazzard has found middle and upper Cambrian, as well as lower Ordovician, 
faunas and he has subdivided the series into the following formations: Cadiz, Bonanza 
King, and Cornfield Springs formations (middle Cambrian), Nopah formation (upper 
Cambrian), and Pogonip (?) dolomite (lower Ordovician). His Pogonip (?) dolomite 
is known to be represented in the uppermost part of the dolomitic series in the Pana- 
mint Range, and it seems virtually certain that middle and upper Cambrian beds 
are present in this series also. 

Eureka quarizite (middle Ordovician).—Resting conformably on the dolomite and 
limestone just described is a quartzite unit, 250 feet thick, composed of white 
saccharoidal quartzite,in beds several inches to 1 foot thick, which weathers yel- 
lowish brown. From its lithologic character and its stratigraphic position above 
beds carrying upper Pogonip fossils this unit is identified as the Eureka quartzite, a 
middle Ordovician formation known from many parts of Nevada and from the 
Nopah Range in California (Hazzard, 1937, p. 276). 

Ely Springs(?) dolomite (upper Ordovician?).—Dark-gray dolomite, in beds averag- 
ing 3 to 4 feet in thickness, conformably overlies the Eureka quartzite and is un- 
conformably overlain by Tertiary volcanic rocks, so that its top is not exposed. This 
dolomite, about 300 feet thick, is not very definitely dated from paleontologic evi- 
dence, for the only fossisls found in it are sponges of the genus Receptaculites. It is 
tentatively correlated with the upper Ordovician Ely Springs dolomite, which con- 
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formably overlies the Eureka quartzite in the Pioche district (Westgate and Knopf, 
1932, p. 15-16) and is believed to overlie the Eureka quartzite in the Nopah Range 
(Hazzard, 1937, p. 276). 


SILURIAN (?) AND DEVONIAN (?) DOLOMITE AND CONGLOMERATE 


On the west slope of the Panamint Range a patch of Paleozoic dolomite and 
conglomerate stands out above the surrounding Tertiary and Quaternary sediments 
because of its greater resistance to erosion. The area of outcrop of the Paleozoic 
rocks is a southward-tapering wedge, the southerly extension of the west flank of 
Pinto Peak. North of the area mapped, just east of Towne’s Pass, the Eureka 
quartzite is present in the lower part of the beds in this wedge, but within the mapped 
area the rocks in the wedge consist of about 2800 feet of strata well above the Eureka 
quartzite. The lowest 1500 feet of this unit consists dominantly of beds of brown 
and dark-gray crystalline dolomitic limestones, many of them brecciated and con- 
sisting of angular dolomite fragments cemented by dolomite and limestone. Fossils 
are uncommon in these beds, but the following forms were collected at fossil locality 
9 and were identified by Doctor Kirk, who reports their age as doubtfully Silurian: 
Amplexus? sp., Cladopora sp., Stromatopora sp. 

Lying above these dolomitic limestones without angular discordance is a brown 
conglomerate about 1000 feet thick. This is a very firmly consolidated rock com- 
posed of limestone and quartzite fragments, averaging 1 to 2 inches in diameter, 
cemented in a fine-grained brown matrix. In the upper part of the conglomerate 
these fragments are fairly well rounded, but lower in the section they are angular. 

- Resting on the conglomerate, apparently conformably, is a series of thin-bedded 
light- and dark-gray limestones and dolomites, roughly 300 feet thick, which is over- 
lain unconformably by Tertiary fanglomerate. Some of the limestones are oilitic. 
Crinoid stems are not uncommon in these beds, but other fossils are rare and poorly 
preserved. The following forms, identified by Doctor Kirk, were collected at fossil 
locality 5 from a bed rich in silicified brachiopod fragments about 200 feet above the 
top of the conglomerate: Schuchertella sp., Spirifer sp., Zaphrentis-like coral. 

Doctor Kirk reports that such silicified brachiopods are known in the West in the 
lower half of the Nevada limestone (middle and upper Devonian) only, and he 
believes that a middle Devonian age is indicated. 

These dolomite, limestone, and conglomerate beds, on the basis of their strati- 
graphic position above the Eureka quartzite and from the evidence of their fossils, 
are mapped together as a Silurian (?) and Devonian (°) unit. In the Nopah Range, 
Hazzard (1937, p. 276) recognized an unconformity at the base of middle (?) 

Devonian dolomite and limestone with clastic beds in their lower part. In the 
Goodsprings district and in the Providence Mountains Devonian strata rest uncon- 
formably upon middle Cambrian beds (Hazzard and Mason, 1935, p. 378; Hazzard, 
1938, p. 241). In the Inyo Range middle (?) Devonian limestones, with sandstone at 
their base, rest without angular discordance on Ordovician beds (Knopf and Kirk, 
1918, p. 34, 37). By analogy, the conglomerate below the upper limestones and 
dolomites in the Panamint Range may be a basal conglomerate of middle Devonian 
age lying above a disconformity. 
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CARBONIFEROUS ROCKS 


Strata of Carboniferous age are widespread and thick in the northern Argus 
Range and in the Darwin Hills and are the only Paleozoic rocks known in these 
districts. They appear to be a southeasterly continuation of the belt of upper 
Paleozoic rocks in the southern Inyo Range. No Carboniferous strata are present 
in the part of the Panamint Range crossed by the strip mapped, although sediments 
of this age were found farther north in this range by Ball (1907, p. 203-204). 

In the Argus Range and Darwin Hills the Mississippian beds are limestones, and 
the Pennsylvanian strata are chiefly limestones and shales, with some quartzites. 
The Mississippian strata of the Nopah Range are likewise limestones, and the Penn- 
sylvanian rocks also are dominantly limestones and apparently contain less clastic 
material than the Pennsylvanian in the area of the present study (Hazzard, 1937, 
p. 275). In the Inyo Range, on the other hand, the Mississippian strata consist 
chiefly of shale and sandstone, and more than half the Pennsylvanian section com- 
prises shale, quartzite, and conglomerate, the remainder consisting of limestone 
(Knopf and Kirk, 1918, p. 38-43). It thus appears that in a west-northwesterly 
direction from the Nopah district to the Inyo Range the proportion of clastic material 
in the Mississippian and Pennsylvanian sediments progressively increases. The 
landmass which was eroded to yield this clastic material, then, probably lay to the 
north or west of the Inyo Range. Nolan has demonstrated that in late Paleozoic 
time a south-southwest-trending geanticlinal positive area occupied the central part 
of Nevada, and he believed that the southerly extension of the axis of this geanticline 
should pass to the northwest of the Inyo Range (1928, p. 154, 160). The foregoing 
data, therefore, tend to confirm this belief. 

Mississippian (and older?) limestone.—A belt of limestones which are in part at 
least of Mississippian age extends diagonally across the northern Argus Range from 
northwest to southeast, reaching its greatest width in its southeastern part, west of 
the Modoc and Minnietta mines. The base of these limestones is not exposed, but 
they are at least 4500 feet thick. Pennsylvanian strata flank them on both sides of 
their belt of outcrop, for these Mississippian (and older?) limestones are the oldest 
exposed rocks along the axis of the truncated anticline which is the major structure of 
the northern Argus Range. The Pennsylvanian sediments overlie the Mississippian 
limestones without angular discordance. 

The limestones mapped as Mississippian (and older?) are in general thick-bedded 
and are predominantly white or light brown, but dark-gray fetid beds are also present 
in the section. Brown-weathering chert lenses and nodules are quite abundant. 
The limestones are crystalline throughout, and near the contacts of the Mesozoic 
intrusives they are coarsely crystalline, with grains as large as a quarter of an inch in 
diameter. Tremolite, wollastonite, garnet, and idocrase are developed in the lime- 
stones in these exomorphic zones. 

Fragments of crinoid stems are common in the dark-gray fetid beds, but other 
fossils are rare. The only good fossiliferous zone discovered is about 600 feet below 
the top of the unit, in rather thin-bedded dark-gray limestone. The most abundant 
fossils in this zone are corals, especially Syringopora and Lophophyllum. The follow- 
ing forms were collected from this zone at fossil localities 2 and 3 and were identified 
by Dr. G. H. Girty: 
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Loca.ity 2 
Amplexus? sp. Cranaena? sp. 
Caninia? sp. Delihyris nova-mexicana Miller 
Cyathaxonia aff. arcuata Weller Hustedia aff. circularis Miller 
Lithiostrotionella girtyi Hayasaka? Productus (Linoproductus?) aff. sampsoni Weller? 
Lophophyllum n. sp. P. (Pustula) n. sp. aff. Productella lachrymosa 
Syringopora aff. aculeata Girty Conrad 
Crinoid stems Rhipidomella aff. diminutiva Rowley 
Camarotoechia metallica White? Schizophoria aff. chouteauensis Weller 
Cleiothyridina aff. hirsuta Hall Spirifer, apparently related to S. grimesi Hall 
C. aff. obmaxina McChesney Spiriferella? sp. 
Com posita humilis Girty Platyceras sp. 

Pleurotomaria sp. 

Locauity 3 
Amplexus? sp. Cleiothyridina aff. hirsuta Hall 
Lophophyllum n. sp. Rhipidomella aff. diminutiva Rowley 
Syringopora aft. aculeata Girty Loxonema? sp. 


Doctor Girty refers this fauna to the lower Mississippian. The lower and middle 
Mississippian Monte Cristo limestone, 700 feet thick, of the Goodsprings district, 
Nevada, contains some of the same fossils and is similar lithologically to the beds 
carrying the above fauna (Hewett, 1931, p. 17-21), so these beds may well be equiva- 
lent to some part of the Monte Cristo. In the Nopah Range, Hazzard (1937, p. 275) 
has described about 2200 feet of Mississippian limestones, subdivided into the 
Monte Cristo (?) limestone at the top and the similar Stewart Valley limestone below. 
This latter formation is possibly also represented in the Argus Range. Because the 
limestone unit of the Argus Range extends several thousand feet below the fossilifer- 
ous horizon, its lower parts may be older than Mississippian. It is not certain 
whether there are beds of middle and upper Mississippian age in the area, but such 
beds may be present in the apparently conformable sequence of strata between the 
lower Mississippian and Pennsylvanian fossiliferous horizons. 

Pennsylvanian (and Permian?) limestone and shale—Resting upon the Missis- 
sippian limestone with apparent conformity is a series of strata in which two fossil 
zones were found: a lower zone containing Pennsylvanian fossils and a thick upper 
zone carrying fossils which are either Pennsylvanian or Permian. Outcrops of these 
strata make up most of the surface of the Darwin Hills and of the portion of the 
northern Argus Range crossed by the strip mapped. 

The Pennsylvanian (and Permian?) strata are at least 8000 feet thick and consist 
chiefly of dark-gray, thin-bedded, partially silicified limestones and brown and gray 
calcareous shales. Thin beds of fine-grained brown quartzite and chert lenses are 
intercalated with the shales and limestones, comprising a subordinate part of the 
section. A few of the shale beds are magenta. Concretions are abundant in some d 
the beds. The section as a whole is a rather monotonous assemblage of brown and 
gray strata lacking prominent marker beds. The contact between the Mississippian 
and Pennsylvanian rocks is extremely sharp lithologically, for the Mississippian 
limestone just below the contact is white, whereas the overlying Pennsylvaniat 
limestones and shales are dark gray. The Mississippian (and older?) limestones of 
the Argus Range are in general thicker-bedded, lighter-colored, richer in chert, and 
more coarsely crystalline than the overlying younger Carboniferous rocks. 
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The dark-gray Pennsylvanian (and Permian?) limestone beds very commonly 
contain crinoid stems, fusulinids, and poorly preserved corals, but other fossils are 
rare. Fusulinids and crinoid stems appear in the gray limestones immediately over- 
lying the white Mississippian limestone, but the lowest zone found which contains 
other fossils is 600 feet above the top of the Mississippian, at fossil locality 10. At 
this locality the following forms, identified by Doctor Girty, were collected: 


Fusulinids Hustedia mormoni Marcou 
Campophyllum? sp. Productus sp. 

Lophophyllum? sp. Bellerophon? sp. 

Crinoid stems Naticopsis aff. wertheni Hall 
Derbya sp. 


These forms are referred by Doctor Girty to the Pennsylvanian. 

Because fossil localities 1 and 11, in the next higher fossil zone, are separated from 
the zone of fossil locality 10 by the fault which extends along the west side of the 
Argus Range, the exact thickness of beds between these two zones cannot be ascer- 
tained. From the amount of displacement of the northernmost lava sheets in the 
Argus Range by this fault, however, it can be determined that fossil localities 1 and 
11 are at least 2000 feet higher stratigraphically than fossil locality 10. The fossils 
collected from localities 1 and 11 are listed below; the megafossils were identified by 
Doctor Girty, and the fusulinids by Mr. L. G. Henbest. 


Locatity 1 
sp. Lithiostrationella? sp. 
Triticites? s Crinoid stems 
Acerowlaria White? Com posita mexicana Hall? 
Chonophyllum? sp. Spirifer (Neospirifer) triplicatus Hall? 
Lithiostrotionella sp. 
11 
Pseudoschwagerina sp. Acervularia adjunctiva White? 
Schwagerina sp. Chonophyllum? sp. 
Triticites? sp. 


Doctor Girty, in reporting on this fauna, states that opinions of paleontologists differ 
regarding its age. He considers beds carrying this fauna Pennsylvanian, whereas 
Mr. Henbest refers them to the lower Permian. In view of this difference of opinion 
it has seemed best to map the post-Mississippian Carboniferous rocks as a Penn- 
sylvanian (and Permian?) unit. 

The Pennsylvanian (and Permian?) of the Darwin Hills and Argus Range is doubt- 
less at least in part correlative with the “later Pennsylvanian limestone and shale” 
of the Inyo Range (Knopf and Kirk, 1918, p. 41-42). The Bird Spring formation of 
southern Nevada, originally described as Pennsylvanian in the Goodsprings district 
(Hewett, 1931, p. 21-30), is similar in lithology and stratigraphic position to these 
two units in California and is very probably to be correlated with them; Longwell 
and Dunbar (1935) have shown that it contains beds of Permian as well as Penn- 
sylvanian age. 

Just south of the Darwin tear fault, between the anticline and syncline in Upper 
Darwin Canyon, is a small exposure of an angular unconformity high in the Penn- 
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sylvanian (and Permian?) section. The surface of the unconformity dips northeast 
against the Darwin tear fault. Nowhere except in this restricted locality was this 
unconformity seen, but it is probably the same unconformity noted by Kirk in the 
“later Pennsylvanian limestone and shale” of the Inyo Range (Knopf and Kirk, 
1918, p. 41). 


LATE JURASSIC PLUTONIC ROCKS 


All the ranges within the strip mapped contain bodies of intrusive rocks probably 
of the same age as the late Jurassic batholith of the Sierra Nevada. The Coso Range 
and the hills west of Darwin are composed almost entirely of granitic rocks which 
are doubtless an eastward extension of the similar rocks of the Sierra. East of 
Darwin the plutonic intrusives occur only as small stocks cutting through the Paleo- 
zoic and pre-Cambrian sedimentary and metasedimentary rocks. Though the 
plutonic rocks vary in composition from granite to gabbro, they are represented on the 
map by a single symbol. No attempt will be made to describe them in detail. 

The portion of the Sierra Nevada in the area studied had been previously investi- 
gated by Knopf, who mapped its rocks as a “plutonic complex” (Knopf and Kirk, 
1918, p. 70-72). These rocks form a very complicated assemblage of many plutonic 
types, including granite, aplite, quartz monzonite, quartz diorite, and gabbro. The 
sequence of intrusion appears to have been one of increasing acidity. Partly assimi- 
lated masses of schist, probably representing both inclusions and portions of roof 
pendants, are common in the plutonic complex. Nowhere east.of the Sierra Nevada 
were plutonic bodies of such complexity encountered. 

The west slope of the Coso Range is underlain by medium- to coarse-grained 
biotite granite in which the ferromagnesian minerals are present in very minor 
amounts. Weathered surfaces of this granite are light orange brown. This rock is 
very similar to granite described by Knopf from parts of the Sierra Nevada and Inyo 
Range (Knopf and Kirk, 1918, p. 67-69). It containsa few large inclusions of greenish 
basic rock much like the gabbro elsewhere in the area. 

The summit portion and east slope of the Coso Range, and the hills west of Darwin, 
are composed chiefly of a medium-grained gray rock which varies in composition 
from quartz monzonite to quartz diorite, with biotite and hornblende the main 
ferromagnesian minerals. Schist inclusions, though not abundant throughout, 
locally are numerous and closely spaced. Aplite dikes, and veins of coarsely crystal- 
line quartz and epidote, are common. This rock unit is sharply separated from the 
granite to the west by a contact near the west edge of Centennial Flat. 

In the central part of the Darwin Hills is a narrow elongate stock of medium- 
grained gray and greenish-gray plutonic rock with which the silver-lead metallization 
of the district is associated. The rocks of this stock were studied in some detail by 
Kelley, who states that they range in composition from quartz monzonite to gabbro 
(1937, p. 991-993). Dikes, more silicic than the main intrusive, cut both the stock 
and the country rock. The silver-lead deposits occur at intrusive contacts, along 
bedding planes, and in fissure veins in and near the stock. 

A belt of stocks extends across the Argus Range in a southeasterly direction from 
Darwin Falls to the Minnietta mine. The stock at Darwin Falls is composed of 
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gabbro to which epidote, present in considerable quantity as a product of saussuriti- 
zation, imparts a greenish color. Large dikes are present in the limestone as offshoots 
of this stock. The stocks between Darwin Falls and the Modoc mine consist of 
coarse pink biotite granite, the biotite extensively altered to chlorite. In the two 
most southerly areas of plutonic rock mapped in the Argus Range the chief type is a 
medium-grained quartz diorite much like the quartz diorite of the eastern Coso 
Range. In certain localities dikes of fine-grained pink granite are abundant and 
cut the quartz diorite in many directions; thus there is evidence here, as in the 
Sierra Nevada, that the intrusion of basic rocks preceded the intrusion of the more 
silicic types. 

A belt of light-colored, medium- to coarse-grained biotite granite extends from a 
point about 4 miles south of Harrisburg, in the Panamint Range, north to the vicinity 
of Skidoo. 


TERTIARY ROCKS 


Eocene (?) dikes and sills——Lamprophyric dikes and sills have intruded the Car- 
boniferous and Jurassic rocks of the northern Argus Range and the granitic rocks of 
the hills west of Darwin. These small intrusives, generally not more than 2 feet 
wide, are composed of porphyritic rock in which brown hornblende laths are em- 
bedded in a fine-grained groundmass of calcic plagioclase, and are thus lamprophyres 
of the camptonite type. Their age is not known, but they are tentatively correlated 
with similar post-Jurassic and pre-middle Miocene dikes described by Hulin (1934, 
p. 418-419) from the Searles Lake quadrangle just to the south. Hulin has pro- 
visionally dated these dikes as early Eocene. 

Andesite of the Panamint Range.—Lava flows and tuffs are exposed on the eastern 
ends of the two east-trending spurs of the Panamint Range north of Trail Canyon. 
These volcanic rocks, with an exposed thickness of about 3000 feet, rest uncon- 
formably upon Ordovician dolomite and quartzite and dip to the east under the 
alluvium of Death Valley. 

In the lower part of the volcanic section black obsidian and vitrophyre are abun- 
dant. Above these glassy rocks is a zone of light-brown and pink tuff and agglomer- 
ate. The highest part of the section, constituting two-thirds or more of its total 
thickness, is composed of dark-brown porphyritic dacite and biotite andesite, with 
small amounts of interbedded pink and green rhyolitic flows and tuffs. The biotite 
andesite, the commonest rock type, contains andesine phenocrysts set in anaphanitic 
purplish-brown groundmass whose color is the result of the alteration of magnetite 
to hematite. 

Identical lavas and tuffs underlie the Tertiary lake beds of Furnace Creek, on the 
east side of Death Valley, and there is little doubt that these volcanic rocks on oppo- 
site sides of the valley are correlative. The Furnace Creek lake beds, considered 
Miocene by Ball, overlie the volcanic rocks unconformably (Ball, 1907, p. 32). The 
volcanic rocks along the east edge of the Panamint Range in the area mapped prob- 
ably correspond to Ball’s “earlier rhyolite of the Amargosa Range”, of probable 
early Miocene age (1907. p. 168-170). 
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Andesite of the Coso Range.—The ridge west of Cactus Flat is the northern end of a 
belt of lava along the west flank of the Coso Range which extends southward for about 
7 miles. Within the mapped area this rock is brown and gray andesite, with well- 
developed flowage planes dipping west and northwest at low angles. The lava is 
porphyritic throughout; in the typical rock andesine phenocrysts, about a quarter of 
an inch in diameter, and biotite phenocrysts, not more than half as large, are set ina 
gray groundmass composed largely of glass but also containing minute crystals of 
plagioclase. The andesite weathers to dark-brown rather pitted surfaces, frequently 
blackened by desert varnish. 

Overlying the andesite unconformably are the tuffs and lake beds of the Pliocene 
or Pleistocene Coso formation. Nowhere within the area mapped is the andesite in 
contact with the granite of the Coso Range, but farther south it rests on an erosion 
surface cut in the granite. The andesite is therefore post-Jurassic and pre-Pleisto- 
cene. It may be upper Miocene, for Hulin (1934, p. 420) reported that andesites of 
that age are widely distributed in the region to the south. 

Nova formation (late Miocene?).—On the west flank of the Panamint Range, be- 
tween Wildrose Canyon and Towne’s Pass, are beds of Tertiary fanglomerate with 
intercalated layers of volcanic material. At least 3000 feet thick, these rocks lie 
unconformably upon a pre-Cambrian and Paleozoic basement. Their contact with 
these older rocks is poorly exposed along much of its extent, but in lower Nemo 
Canyon the fanglomerate can be observed lying with depositional contact upon pre- 
Cambrian rock. Near the large faults on the west slope of the Panamint Range this 
contact is complicated by faulting. The fanglomerate and lava dip to the east and 
southeast. These same rocks are undoubtedly present under the alluvium of the 
eastern part of Panamint Valley. 

This sedimentary and volcanic unit, important because it makes possible the 
recognition of large Tertiary movements on the Panamint Valley fault zone, is well 
exposed in Nova Canyon, the first large canyon south of the Towne’s Pass road. 
For this unit the name Nova formation is therefore proposed. 

Within the area mapped this formation is composed almost wholly of fanglomerate 
consisting of angular to subrounded cobbles and boulders, most of them with diame- 
ters between 3 and 6 inches, set in a matrix of rather soft light-brown mudstone or 
sandstone. The fanglomerate was derived from the east, for its boulders and cobbles 
consist exclusively of rock types of the central and eastern Panamint Range—pre- 
Cambrian and Cambrian metamorphic rocks and Jurassic granite. Sorting and 
stratification are poorly developed, but bedding planes can be recognized in many 
exposures. The deposit is somewhat better-cemented than the material of the 
present alluvial fans, but is similar to it in all other respects. On the steep lower 
part of the west slope of the Panamint Range the Nova formation has been eroded to 
form a badland, but south and east of Pinto Peak the tilted fanglomerate is truncated 
by the old erosion surface of moderate relief which occupies the central part of the 
range. The fanglomerate appears to be barren of fossils. 

Interbedded in the fanglomerate at various horizons are layers of vesicular basaltic 
lava and agglomerate, evidently the products of intermittent volcanic outbreaks 
during the deposition of the alluvial-fan material. 
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Movement on a major fault that lies buried under the eastern part of the fanglomer- 
ate has brought Silurian (?) and Devonian (?) strata on the west against pre-Cambrian 
rocks on the east in such a way that fully 20,000 feet of pre-Cambrian, Cambrian, and 
Ordovician rocks is cut out. The activity along this fault must once have produced 
a large west-facing scarp. The thick fanglomerate is believed to be the consolidated 
alluvial-fan material which accumulated rapidly at the base of this scarp and buried 
the fault as the scarp was worn down. 

The date of movement on the buried fault is not known very accurately from direct 
field evidence. It must have occurred some time before the development of the 
late Pliocene or early Pleistocene erosion surface of low relief, however, for the tilted 
fanglomerate which buries the fault is truncated by this surface. To the south, in the 
Searles Lake quadrangle, post-Jurassic erosion, accomplished by an external drainage 
system, had by middle Miocene time produced an old-age erosion surface; then in 
middle or late Miocene, faulting and warping uplifted mountain ranges and depressed 
intermont basins, thus developing an interior drainage system and causing the 
deposition of alluvial gravels and other terrestrial sediments in the lower areas 
(Hulin, 1934, p. 419). These terrestrial deposits—the Rosamond and Ricardo 
series—contain upper Miocene and lower Pliocene vertebrate fossils in their middle 
and upper parts. Probably the movement on the fault buried by the Nova formation 
of the Panamint Range occurred during this same Miocene period of diastrophism 
and this formation may consequently be upper Miocene or lower Pliocene. 


TERTIARY OR QUATERNARY ROCKS 


Coso formation (late Pliocene or early Pleistocene).—On the west, north, and east 
flanks of the Coso Range are alluvial gravels and overlying tuffs and lake beds, 
mentioned by Knopf as the “lake beds south of Keeler” (Knopf and Kirk, 1918, 
p. 51-52), to which the name Coso formation has recently been applied (Schultz, 
1937, p. 79). This sedimentary and volcanic unit has an exposed thickness of about 
500 feet in the area mapped. It rests upon an erosion surface cut in the granitic 
rocks of the range and is overlain without angular discordance by flows of basaltic 
lava. Figure 1 of Plate 2 shows the general appearance of the lake beds and tuffs of 
the Coso formation. 

The alluvial material at the base of the formation is not so well exposed in the 
mapped area as it is 2 miles farther north, where Schultz (1937, p. 80) estimated its 
thickness as at least 300 feet. This basal material consists of reddish arkose and 
buff gravel, sandstone, and shale. Above it is about 200 feet of well-stratified thin- 
bedded white and light-buff lake beds, with inter-bedded white rhyolitic tuffs. The 
lake beds are well-sorted silts and sands which locally contain fish bones. In general 
the tuffs are well sorted and stratified, and many were probably laid down in a lake. 
In the southern part of the area mapped, however, some of the tuffs are poorly 
stratified and contain angular fragments of silky rhyolite pumice 1 to 5 inches in 
diameter, so that their origin as water-laid deposits is more doubtful. The alluvial 
materials quite clearly were derived from the granitic rocks of the Coso Range. The 
material which forms the tuffs may have come from vents near the center of Quater- 
nary rhyolitic activity at Coso Hot Springs, about 10 miles farther south in the range. 


| 
ik 


416 Rk. H. HOPPER—GEOLOGIC SECTION, SIERRA NEVADA TO DEATH VALLEY 


Vertebrate fossils have been found in the alluvial-fan material just below the tufts, 
On the basis of this fauna the Coso formation was dated as late Pliocene or early 
Pleistocene by Schultz, who thought that it was deposited during a time of cool and 
humid climate (1937, p. 81, 94) and believed it very likely that the formation is of 
early Pleistocene, probably Nebraskan, age (1937, p. 95-98). If this belief is correct, 
the Coso formation should be tentatively correlated with the Nebraskan (?) McGee 
till, the deposit formed during the oldest of the four glacial stages recognized on the 
east slope of the Sierra Nevada by Blackwelder (1931, p. 918). 

In general, the beds of the Coso formation dip away from the range at low angles, 
On the west flank of the range the formation dips toward the Sierra Nevada even in its 
westernmost exposures on the banks of Haiwee Reservoir. These westerly dips 
average about 10° but in places are as steep as 20°. Though some fraction of these 
dips may be original, they are believed to be largely the result of Quaternary de 
formation. The formation extends to the west for an unknown distance and may 
abut against the Sierra Nevada fault zone. 

The Coso formation on the western flank of the range probably never extended 
much farther east than it does now, for just east of its present eastern limit the basalt 
flows, which are not much younger than the Coso formation, rest directly upon granite. 
It is evident from the nature and distribution of the formation that just before its 
deposition the old-age erosion surface now represented by the flat summit area of the 
Coso Range was deformed, at least in part by faulting, to create a high area wherethe 
present Coso Range now stands. This uplift caused the coarse basal fanglomerate of 
the lower part of the formation to be deposited around the edges of the uplifted area; 
slightly later a lake came into existence directly west, north, and east of this area, 
and in or near this lake the upper part of the formation was laid down. As has been 
pointed out in the discussion of geomorphology, these relations demonstrate that the 
latter part of the period of erosion during which the old-age topography was produced 
must have been coincident with the middle or latter part of the Pliocene epoch. The 
faulting to which the Coso Range owes most of its present relief occurred after the 
deposition of the Coso formation and the extrusion of the overlying basalt. 

Late Pliocene or early Pleistocene basalt.—Much of the surface in the part af the 
area west of Panamint Valley is covered by thin flows of olivine basalt. These 
flows form a conspicuous feature of the landscape because of their black color and 
because they occur as thin sheets capping the summits of hills and mountains. In the 
Coso and Argus ranges, and in the intervening Darwin district, the widespread flows 
cover remnants of the old erosion surface of low relief. Correlative basalts cover 
large areas in the Inyo Range—the “late Tertiary basalts” of Knopf and Kirk 
(1918, p. 74). 

The basalt sheets are 15 to 150 feet thick except just north of Cactus Flat, where 
their thickness exceeds 400 feet; here, however, special conditions prevail which will 
be further described in the discussion of Cenozoic faulting. In many places the 
basalt exhibits crude columnar jointing. Just below the flow basalt, in some localities, 
beds of basaltic cinders total 10 feet or less in thickness. Along the eastern edge d 
the Argus Range the basalt is directly underlain by light pinkish-brown rhyolitic 
agglomerate and white rhyolitic tuff of unknown age. 
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The flow basalt is very similar petrographically over the entire area. In hand 
specimens it appears as a very dark-gray volcanic rock with medium-grained olivine 
phenocrysts and smaller plagioclase laths set in an aphanitic groundmass. Vesicles 
are common and are often elongated parallel to the flow layers. In thin sections it is 
evident that by far the greater part of the rock is composed of laths of rather calcic 
labradorite, usually arranged with a pronounced parallelism. The olivine pheno- 
crysts are rounded and are extensively altered to iddingsite and magnetite. Between 
the labradorite laths are very small grains of labradorite, magnetite, and augite, 
giving a typical intersertal texture. The evenness of the base of the basalt indicates 
that the lava flowed out upon a surface of low relief. Along the east edge of the 
Argus Range vertical basalt dikes in Paleozoic strata can be traced up into the flows, 
indicating that the flows, at least in part, were fed through fissures. At many places 
on the upper surface of the basalt are broad low mounds of red basaltic cinders and 
bombs, apparently cinder cones considerably flattened by erosion. Very probably 
much of the basalt was extruded through the pipes over which the cinder cones 
were built. 

In the Coso Range the basalt flows overlie the Coso formation without angular 
discordance. The basalt, therefore, cannot be older than late Pliocene. The lake 
beds of lower Darwin Wash were deposited in a basin created by post-basalt faulting, 
and yet these lake beds are older than the deposits of the latest Pleistocene lakes. 
It is therefore certain that the basalt was extruded between late Pliocene and the 
latter part of the Pleistocene; its most probable age is considered to be early Pleisto- 
cene, in view of the severe diastrophism and extensive erosion which have occurred 
since its extrusion. 


QUATERNARY ROCKS 


Lake deposits—In the low parts of Darwin Wash and Panamint Valley are ex- 
posures of white and light-buff sediments which undoubtedly were deposited in 
Pleistocene lakes, either playa or perennial. These strata are soft, fine-grained, and 
thin-bedded, with bedding planes very nearly horizontal. In both Darwin Wash 
and Panamint Valley the deposits are at least 30 feet thick, but their base is not ex- 
posed. In both places, also, the beds are overlain conformably by old alluvium and 
are intricately dissected by small gullies. The pattern of outcrops of the lake beds 
consists of very irregular and sinuous thin bands which are too narrow to be repre- 
sented on Plate 1; instead, the lake beds and old alluvium are mapped together. 
In Panamint Valley the lake beds are buff-colored silts similar in appearance to the 
silts of the present playas, and in their upper part they interfinger with the old allu- 
vium. In Darwin Wash, however, the lake beds are much whiter and appear to 
consist largely of water-deposited rhyolitic ash. 

Just east of the lake beds of Darwin Wash are the step-faulted lava sheets on the 
west slope of the Argus Range, and it is quite evident that the lake beds were de- 
posited in a basin formed by post-basalt faulting and warping. Thus, although 
these lake beds resemble the upper beds of the Coso formation, they are certainly 
younger. The history of the region after the deposition of the Darwin Wash lake _ 
beds includes the deposition of the old alluvium, the capture of the Darwin Wash 
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basin by headward erosion of Darwin Canyon, and the dissection of the lake beds and 
old alluvium, so it seems improbable that the lake beds can be younger than middle 
Pleistocene. At the mouth of Waucoba Canyon in the Inyo Range are lake beds, 
containing rhyolitic particles, which are overlain by old alluvium and dissected toa 
badland. Knopf and Kirk (1918, p. 52) pointed out that these lake beds (which they 
referred to as the “lake beds east of Zurich”) are younger than the Coso formation, 
for Waucoba Canyon was cut, and the lake beds deposited in it, after the main uplift 
of the Inyo Range, which occurred later than the extrusion of basalt correlative with 
the basalt overlying the Coso formation. At both Waucoba Canyon and Darwin 
Wash, therefore, the lake beds appear to have been deposited in basins created by the 
major deformation which closely followed the extrusion of the late Pliocene or early 
Pleistocene basalt, and for this reason it is believed very probable that the lake beds of 
these two localities are of contemporaneous origin. The dissected lake beds of Pana- 
mint Valley may be of the same age, but they may be younger deposits formed in the 
lake which occupied Panamint Valley during the latest glacial stage of the Sierra 
Nevada. 

Knopf and Kirk (1918, p. 104-105) observed evidences for the two latest of the four 
glacial stages now recognized on the east slope of the Sierra Nevada and inferred from 
the history of the alluvial fans of the Inyo Range that there had been two correspond- 
ing periods of increased humidity in the region (1918, p. 57). They recognized a 
third and earlier period of relatively high humidity represented by the lake beds of 
Waucoba Canyon, but, having noted only two glacial stages, could not correlate the 
Waucoba beds with a Sierran glacial stage. If the Waucoba beds actually indicate 
increased humidity associated with a Sierran glaciation, it would appear, since they 
are younger than the Coso formation and older than the two latest glacial stages, 
that they should be correlated with the second (Sherwin) of Blackwelder’s four 
glacial stages (1931, p. 918). 

Older alluvium.—At several places in the central and eastern parts of the area are 
patches of elevated and dissected alluvial gravels obviously older than the alluvium of 
the present canyons and valleys. This old alluvium is typical fanglomerate, com- 
posed of angular to subrounded cobbles and boulders loosely cemented by light-brown 
mudstone and sandstone. In both Darwin Wash and Panamint Valley the old 
alluvium rests upon lake beds without angular discordance. These old alluvial 
deposits in the area mapped are believed to be correlative with the “older alluvium” 
of the western flank of the Inyo Range (Knopf and Kirk, 1918, p. 54) and are con- 
sidered to be middle or late Pleistocene. 

Younger alluvium and lake deposits—In the intermont basins of the area are 
deposits of alluvial detritus and, in Death Valley, of chemical precipitates. Most of 
this material is coarse fanglomerate making up the alluvial fans on the sides of the 
basins, but large playas are present in Panamint and Death valleys. The more north- 
erly playa of Panamint Valley is a smooth hard surface of sun-baked brown silt. 
The Death Valley playa is notably different, for on its surface is a salt deposit repre 
senting the residue from the evaporation of a lake. 

Both Panamint and Death valleys contain evidences of the recent presence in them 
of large bodies of water. In the part of Panamint Valley crossed by the area studied 
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no old shore lines or shore deposits were found, but farther south, where these features 
are present near Ballarat, they indicate that the former lake extended north across 
the area mapped and had a maximum depth there of about 350 feet (Gale, 1915, 
p. 312-317, Pl. 7). The former presence of a lake in Death Valley is demonstrated 
by the saline residue in the bottom of the valley and by evidences of ancient shore 
lines on the sides of the bordering ranges (Blackwelder, 1933, p. 465-468). Gale 
(1915, p. 251-252, 320) has shown that these lakes owed their existence to the over- 
flow of the waters of Owens Lake into Indian Wells Valley, and thence into Searles 
Basin, Panamint Valley, and Death Valley, and he believes that the melting of the ice 
which accumulated in the Sierra Nevada during the latest glacial stage made possible 
the development of this extensive lake system. He has estimated (1915, p. 264) 
that about 4000 years have elapsed since Owens Lake ceased to overflow through 
Haiwee Pass into Indian Wells Valley. In the last 4000 years, therefore, the lakes in 
Panamint and Death valleys have evaporated, and the recent alluvial fans spreading 
out upon the valleys have largely covered the former floors of these lakes. 


STRUCTURE 
GENERAL STATEMENT 


In the area mapped, as in other parts of the Great Basin, it is convenient to discuss 
the pre-Cenozoic structures separately from those of Cenozoic age. The older rocks 
within the ranges contain folds, faults, and intrusive structures which originated 
in pre-Tertiary time. The Cenozoic structures of the region involve both old and 
young rocks, and prominent among them are the basin-range faults along which 
relatively recent movements have uplifted mountain ranges and depressed intermont 
basins. 


PRE-CENOZOIC STRUCTURES 


Folds.—The most important pre-Cenozoic folds in the area are in the Carboniferous 
strata of the Darwin Hills and the Argus Range, although other old flexures are 
present in the pre-Cambrian and early Paleozoic rocks of the Panamint Range. In all 
cases these folds are transected by stocks of plutonic rock, and therefore the folding 
preceded the late Jurassic intrusions. 

Several north-trending folds of moderate size are exposed in the Carboniferous 
strata of the Darwin Hills and upper Darwin Canyon. Minor drag folds are ex- 
ceptionally well developed in the incompetent shales and thin-bedded limestones 
involved in these structures. The largest fold in the area, however, is a northwest- 
plunging anticline in the Argus Range. Mississippian, Pennsylvanian, and possibly 
Permian strata are involved in this anticline and the associated structures. The 
northwestward plunge of the anticline causes a large mass of Mississippian (and 
older?) limestone to be brought to the surface in the vicinity of the Modoc and 
Minnietta mines. The younger Carboniferous rocks lie to the west, north, and east 
of the Mississippian, in accordance with the plunging anticlinal structure, but their 
contact with the Mississippian is not the simple curved line of the ideal case. In- 
stead, this contact has many irregularities caused by minor folding, faulting, and the 
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intrusion of granite stocks across it. In its northern part the anticline is offset by two 
transverse faults in such a way that north of these faults its axial plane is shifted to 
the west. The northernmost area of Mississippian rocks mapped owes its exposure 
to uplift by faulting; both faults which bound it, and particularly the Darwin tear 
fault on its south, helped to raise it to its present position. The small patch of 
Mississippian limestone just south of the granite stock east of Darwin Falls is partly 
surrounded by Pennsylvanian rocks which dip away from it, and has apparently been 
pushed up by minor folding associated with the intrusion of the granite. 

The beds on the east limb of the northern part of the major anticline of the Argus 
Range are overturned and dip steeply west (Pl. 1). Farther south along the east 
limb of the anticline the beds become less and less overturned and finally pass through 
the vertical position and assume a normal easterly dip. A syncline whose axial 
plane dips 40°-50° W. lies to the east of the overturned beds, but it extends no farther 
south than the point where the overturning disappears. 

Flexures in the pre-Cambrian and Paleozoic rocks of the Panamint Range are 
relatively unimportant. The structures in the rocks directly beneath the uncon- 
formity at the base of the Johnnie formation, however, prove at least that deformation 
in this area in pre-Cambrian time included folding. Also, the steep homocline of 
lower Paleozoic rocks on the east flank of the range indicates post-Ordovician, pre- 
Cenozoic, folding or tilting, for its dip is too great to have been caused by any known 
Cenozoic crustal movements. 

Faults —Faults are numerous within the ranges of this study, but only the more 
important of them are mapped. The only faults of proved pre-Cenozoic age are in 
the Argus Range and Darwin Hills and are dated by their relationships to the 
Jurassic intrusive bodies. In some cases the stocks have been intruded across these 
fractures, indicating clearly that faulting preceded intrusion. In other instances 
faulting closely followed intrusion, for, although the intrusive bodies are offset by the 
faults, ore minerals genetically related to the intrusives have been deposited on the 
fault surfaces. Most of these pre-Cenozoic faults strike east-southeast, though some 
strike east-northeast, and their general dip is not much less than 90° S. In all cases 
the north sides are offset to the west. 

The most important pre-Cenozoic fracture is the Darwin tear fault, recognized 
and named by Kelley (1937, p. 995). It is at least 7 miles long and extends east- 
southeasterly across the northern ends of the Darwin Hills and the Argus Range. 
The trace is expressed in the topography as a series of aligned gullies and saddles. 
The dip of the fault surface, wherever observed, is about 80°S. Drag folds and dis 
placed beds indicate that the north side of the fault has moved westwardly and up 
ward with respect to the south side. To the east the fault passes beneath the largest 
basalt sheet of the Argus Range and does not reappear east of it. Where the fault 
would be found if it continued east of this basalt sheet, the Carboniferous strata on 
the east flank of the large anticline of the Argus Range are vertical; directly to the 
north these beds are overturned, dipping steeply west, and directly to the south the 
beds are not overturned, but dip to the east. This fact strongly suggests that the 
Darwin tear fault is causally related to the overturning of the beds, for the fault 
appears to die out eastwardly into the fold by which the overturned beds are righted. 
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The north-trending folds on both sides of upper Darwin Canyon terminate abruptly 
at the Darwin tear fault and are absent north of the fault. 

The offset of the Mississippian limestone core of the major anticline of the Argus 
Range indicates large movement on the Darwin tear fault, but complications intro- 
duced here by intrusion, partial burial by lava flows, and later faulting make it im- 
possible to measure the components of this movement very accurately. Drag folding 
along the fault, and the overturned folding of the northeast part of the Argus Range 
anticline clearly indicate dip slip, and from the overturned folding it is estimated 
that the north side of the eastern part of the fault has been raised relative to the south 
side by roughly 2000 feet (Fig. 3, stages 1,2). Ifthis estimate of dip slip is approxi- 
mately correct, the offset of the Mississippian-Pennsylvanian contact as reconstructed 
in stage 2 of Figure 3 means that the strike slip is roughly 5000 feet. 

The largest of the other pre-Cenozoic faults is in the Argus Range about a mile 
south of, and parallel to, the Darwin tear fault. It dips about 80°S. and is reflected 
in the topography as a long straight canyon emptying into Panamint Valley. The 
north side of this fault has moved relatively west but whether the north side was 
raised with respect to the south cannot be determined from the displacement of the 
Mississippian-Pennsylvanian contact because of the intrusion of a granite stock across 
the eastern part of this contact. However, because this fault is near and parallel to 
the Darwin tear fault, and is of the same age, its movement probably also included 
dip slip, and this has been assumed in Figure 3. The total displacement on this 
fault, whether or not it included dip slip, must have been at least 1500 feet. 

The granite stocks of the Argus Range were intruded after the movement on the 
Darwin tear fault and on the parallel fault to the south, for these faults abut the 
contacts of the stocks without offsetting them. However, several minor strike-slip 
faults with a general easterly trend offset the stock in the Darwin Hills in such a way 
that on their north sides the edge of the stock is shifted to the west. Silver and lead 
ore minerals, which Kelley (1937, p. 1004) found to be genetically related to the stock, 
have been deposited on some of these faults, so the faults must be only slightly 
younger than the stock. 

In the Cambrian and Ordovician strata on the east slope of the Panamint Range 
are several relatively unimportant faults, of which the four largest are mapped. 
These faults cannot be accurately dated, but since they are within the range and 
have no relation to the present topography they may be pre-Cenozoic. 

Discussion of pre-Cenozoic structures.—On the basis of the present study little can 
be said about the structural development of the area during the pre-Cambrian and 
Paleozoic. In pre-Cambrian time a thick group of sediments was deposited, folded, 
metamorphosed, and eroded. During the Paleozoic the area was a part of the Cordil- 
leran geosyncline and was receiving sediments almost continuously, but there was 
probably a break in this deposition between the Silurian and middle Devonian, and 
the deposition was certainly interrupted during the latter part of the Carboniferous, 
as shown by the angular unconformity within the Pennsylvanian or Permian strata in 
Darwin Canyon. The types of crustal movements which gave rise to these un- 
conformities cannot be determined from the present study because of the narrowness 
of the mapped area. 
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Ficure 3.—Inferred stages in the late Jurassic Nevadian orogeny in the Argus Range and Darwin Hills 


The above diagrams are geologic maps and sections drawn with the reference plane approximately the present ground 
surface, which of course was several thousand feet below the earth’s surface at the time of the orogeny. 

1. Application of horizontal shearing stress, indicated approximately by arrows A and A’, across a large northwest- 
plunging anticline with a core of competent Mississippian limestone overlain by relatively incompetent Pennsylvaniaa 
(and Permian?) limestone and shale. 

2. Development of the Darwin tear fault and related faults, and of close folds in the incompetent beds near X and Y, 
in response to this shearing stress. 

3. Intrusion of stocks ranging in composition from gabbro to granite, the more basic being earlier. Minor post-intru- 
sive faulting in the Darwin Hills. Slightly later, deposition of silver-lead ores. 


From all that can be learned in the strip mapped, and from a comparison with 
neighboring regions, it appears that the first important post-Proterozoic orogeny 
which affected the area was the Nevadian orogeny, occurring late in the Mesozoic 
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ea and involving the intrusion of the late Jurassic plutonic rocks. Relations of 
faulting to folding and intrusion in the Argus Range and Darwin Hills make possible 
the following statements regarding the post-Carboniferous and pre-Cenozoic, and 
hence presumably Nevadian, deformation in this district: 

(1) The offsetting of the major plunging anticline of the Argus Range along the 
Darwin tear fault and the parallel fault to the south, which are oblique to its axial 
plane, indicates that this fold was in existence before the inception of movement on 
these faults. 

(2) As already explained, the relation of the overturned folds in the northeast 
part of the Argus Range to the Darwin tear fault shows that these folds formed at the 
time of movement on the fault. 

(3) The termination of the folds directly east and west of upper Darwin Canyon 
against the Darwin tear fault, and the absence of counterparts of these folds farther 
west on the north side of the fault, indicate that these folds were formed during or 
after movement along the fault. 

(4) The transection of folds and major faults by the stocks proves that intrusion 
followed the principal part of the deformation; however, minor faulting along breaks 
parallel to the major faults, and with the same direction of movement, occurred 
shortly after the intrusion of the stock in the Darwin Hills. . 

From these relations the stages in the Nevadian orogeny pictured in Figure 3 are 
inferred. In brief, the large plunging anticline of the Argus Range was first formed; 
application of horizontal shearing stress then caused the development of the strike- 
slip faults and smaller folds. This shearing stress may merely represent a later in- 
equality in yielding to the regional compression which probably caused the formation 
of the original large anticline. The close folds at X and Y (Fig. 3, stage 2) apparently 
represent the result of compression of the relatively incompetent thin-bedded upper 
Carboniferous strata against the core of more competent Mississippian limestone by 
the stresses A and A’ of the shearing couple (geologic sections of stages 1 and 2, 
Fig. 3). The stocks were intruded after the major faults and folds had formed, and 
apparently the magma was able to rise most easily along or near the axial planes of the 
anticlines. Following the intrusion of the Darwin Hills stock there was minor strike- 
slip faulting across it, and slightly later the silver-lead ores of the district were 
deposited. 


CENOZOIC STRUCTURES 


Folds.—The Nova and Coso formations and the late Cenozoic basalt sheets contain 
a few broad flexures, apparently the result of gentle warping which accompanied their 
tilting. Although folding is thus unimportant in the Cenozoic rocks of the area 
mapped, this is not the case in the region to the east and south, for on the east side of 
Death Valley the Furnace Creek lake beds, of supposed Miocene age, have been 
folded and even overthrust (Ball, 1907, p. 198-199; Noble, 1938), and the Miocene 
strata in parts of the Mohave Desert have been similarly deformed (Baker, 1911, 
p. 346, 352-353; Hewett, 1928). 

Faults.—In the area mapped, faults of Cenozoic age are numerous and important. 
Most of them lie in basin-range fault zones along which blocks of the earth’s crust 
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have been raised to form mountain ranges or lowered to form desert basins. Ing 
determinable cases the faults of these zones are high-angle normal faults. 

SIERRA NEVADA FAuLT ZONE: Although the general form of the Sierra Nevada jy 
this latitude suggests that the range is a west-tilted block, there is no evidence g 
recent faulting along its eastern base. However, the separation of the slightly tiltej 
old-age topography of the summit from the alluviated valley to the east by a step 
scarp is in itself a strong indication that the east edge of the range is determined by, 
zone of faulting. The Sierra Nevada fault zone is completely buried by alluvial fay 
in the area mapped; consequently, nothing is known about its nature here. Its 
represented in the geologic section of Plate 1 simply as a single normal fault. 

FAULTS IN THE Coso RANGE: Seven mappable post-basalt faults are exposed on the 
west flank of the Coso Range. These faults may be readily located by the displace. 
ments of the basalt sheets, which form resistant cappings for scarps in the granite 
bedrock. The coarse-grained granite disintegrates rapidly, however, so that scarpsin 
the granite unprotected by basalt cappings have been nearly or completely destroyed 
byerosion. For this reason the faults of relatively small displacement cannot usually 
be traced into the areas of granitic rock adjoining the basalt-covered areas. 

The three largest faults trend northerly. The westernmost fault, with its up 
thrown side on the west, extends along the west edge of Cactus Flat. In its northem 
part it offsets the lava sheet approximately 200 feet, with the displacement apparently 
increasing to and beyond the south border of the area mapped. This is presumably 
a normal fault, but nowhere could its attitude be observed. The next fault to the 
east, a normal fault dipping steeply west, bounds Cactus Flat on the east, so that 


_ Cactus Flat is an alluviated graben. Movement along this fault produced a west- 


facing scarp along the east edge of the Cactus Flat graben, and in the central part d 
the area mapped a basalt sheet was displaced 700 feet by this movement. Just to 
the south, slightly younger basalt then flowed westwardly over the scarp thus 
produced and filled the northern part of the Cactus Flat depression to a depth of at 
least 400 feet. This basalt is exposed as the steep hillside, over 400 feet high, which 
now bounds Cactus Flat on the north (Pl. 2, fig. 1). It is believed that this slopeis 
far too high and steep to be the edge of a basalt flow; therefore, a fault which created 
this scarp is assumed to be the northern structural boundary of Cactus Flat. h 
the Cactus Flat district, then, two lava flows of nearly the same age are thus separated 
in time by faulting and are followed by later faulting. Nowhere else in the areais 
there evidence of faulting during extrusion. 

East of the fault on the east edge of Cactus Flat are the other step faults of the 
Coso Range. These faults have their upthrown sides on the east, but their attitudes 
could not be determined. The lava sheets are displaced about 200 feet on the smaller 
faults and 600 feet on the easternmost fault in the zone. 

The post-basalt faults of the east part of the Coso Range are small and unimpor 
tant. The west side of the north-trending fault immediately east of Centennial Flat 
is upthrown about 200 feet. A minor fault in upper Coso Valley has uplifted a small 
patch of lava and tilted it to the east. 

Post-basalt movement has thus occurred on all but one of the faults mapped in the 
Coso Range, and to this movement the range owes much of its present height. The 
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effect of this faulting was to raise the range as a tilted horst, uplifted more on its 
west side than on its east. 

The one mapped fault along which post-basalt movement has not occurred is the 
buried fault extending along the east edge of the range. As has been previously 
mentioned, the erosion surface of low relief represented by the flat summit of the 
range was uplifted toward the close of the Pliocene to form, where the Coso Range 
now stands, a topographically high area which shed the coarse basal gravels of the 
Coso formation. This older uplift took place along the buried fault bordering the 
range on the east, and possibly along faults on the west side of the range also. Asa 
result of this uplift, parts of the Coso Range had considerable relief at the time 
the basalt was extruded, as is well shown east of Centennial Flat by the granitic 
hills which rise above the lava flows but are almost completely surrounded by them. 

FAULTS BETWEEN THE Coso AND ARGUS RANGES: The mapped faults of Cenozoic 
age between the Coso and Argus ranges displace lava sheets; no pre-lava Cenozoic 
faults were recognized. A buried fault zone extends along the steep western scarp 
of the hills west of Darwin, and the area east of this zone has been raised with respect 
toCoso Valley. The amount of vertical movement along this fault zone is impossible 
to determine accurately, but it is at least 500 feet and probably not more than 1000 
feet. The presence of the faults along the northwest edge of the Darwin Hills is 
clearly shown by the displacement of a lava sheet; the more westerly fault has a 
vertical displacement of about 200 feet, and the fault to the east a vertical displace- 
ment of approximately 75 feet. The distance these faults extend to the south under 
the alluvium is unknown. These are the only faults by which the Darwin Hills are 
known to have been uplifted in late Cenozoic time, and consequently the surface of 
these hills is considered to be essentially a feature of the late Pliocene or early 
Pleistocene erosion surface. 

FAULTS IN THE ARGUS RANGE: The northern Argus Range is an east-tilted block 
which has been raised to its present position by post-basalt normal faulting along its 
western edge. The fault zone on the west margin of the range consists of a single 
main fault and two subsidiary step faults farther west. The main fault, extending 
completely across the area mapped, is well exposed along much of its trace. It is 
marked by a band of gouge 5-10 feet wide which dips 75°-80°W. In the northern 
part of the mapped area the displacement of the lava sheet indicates that the east 
side of this fault has been raised about 1700 feet with respect to the west side, but the 
amount of the displacement diminishes southwardly, so that at the south edge of the 
area the Carboniferous beds have been displaced vertically only 300 feet. Alluvium 
covers the intersection of the Darwin tear fault with this later fault, but the apparent 
slight offset of the Darwin tear fault indicates only a small strike-slip component for 
the younger fracture. 

The two step faults west of the main fault displace a lava sheet and are thus 
teadily located even though the faults themselves are covered by basaltic talus 
(Pl. 2, fig. 2). The maximum vertical displacements on the faults, respectively 
from west to east, are about 400 and 200 feet. These step faults cannot be traced 
beyond the area of displaced lava. Within the Argus Range itself are a few small 
faults which offset the basalt sheets 50 to 100 feet. 
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The north-trending fault on the east edge of the Argus Range displaces old alluvium 
as well as basalt and is therefore younger than the faults on the west flank of the 
range. This fault is buried by younger alluvium along its entire course so that its 
attitude cannot be determined, but its maximum vertical displacement, at its 
northern end, is approximately 400 feet. 

PANAMINT VALLEY FAULT ZONE: Within the area of this investigation, the zone 
of Cenozoic faulting on the east side of Panamint Valley contains five important 
faults. The westernmost, extending along the west edge of the Panamint Range, is 
buried under the eastern edge of the most recent Panamint Valley alluvium for most 
of its length, but its presence is clearly indicated by the straightness of the range 
front, by triangular facets on the west ends of the west-trending spurs in the Nova 
fanglomerate, and, in its northern part, by the actual exposure of the fault. The 
topographic features associated with this northern portion of the fault indicate 
strike-slip movement, as has been explained in the section on Geomorphology, 
Though the vertical displacement accompanying this recent strike-slip movement 
raised the west side of the fault relatively approximately 40 feet, the major dip-slip 
movement has been in the opposite direction, resulting in the uplift of the Panamint 
Range with respect to Panamint Valley. 

East of this westernmost fracture are two faults in the Nova fanglomerate marked 
by west-facing scarps about 400 feet high. The more westerly one dips approxi- 
mately 65°W.,; the attitude of the other could not be determined. 

Farther east, high on the west slope of the Panamint Range, is a fourth fault. 
This fault separates fanglomerate of the Nova formation on the west from Paleozoic 
dolomite and conglomerate on the east and is marked by a prominent west-facing 
scapr of Paleozoic rock which extends north of the area mapped to form the east side 
of Towne’s Pass. The trace of the fault is largely covered by elevated and dissected 
alluvium, but in its southern part the fault is exposed, dipping steeply to the west. 
Its dip slip is about 5000 feet in the northern part of the area mapped, for the Nova 
formation, at least 3000 feet thick, has been raised on the east side of the fault so that 
its base is 2000 feet higher than the top of the same formation on the west side (PI. 1). 
To the south, however, the displacement diminishes so that the Nova fanglomerate 
is exposed on both sides of the fault. The southerly portion of the fault, where both 
sides consist of the relatively easily eroded fanglomerate, is not marked by a scarp. 

All four faults have the same general north-northwesterly strike, and on all of them 
the east sides have been raised relative to the west sides. These faults therefore 
constitute a zone of step faults. Uplift of the Panamint Range to its present position 
accompanied the movement along this zone, for the scarps resulting from this move- 
ment are all younger than the erosion surface of subdued relief which makes up the 
highest portion of the range. The easternmost fault in this zone—the one at the 
base of the scarp of Paleozoic rocks—is evidently the oldest, for much of its length is 
covered by old alluvium, now uplifted and dissected, and the part of it in the Nova 
fanglomerate is not marked by a scarp. The old alluvium here is a layer capping the 
“tread” of a step in the zone of step faults. The three faults to the west, all marked 
by scarps in the Nova fanglomerate, must be considerably younger than the fault 

partially buried by old alluvium. 
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A fault buried by the Nova formation east of the band of Paleozoic rocks on the 
west flank of the Panamint Range has already been mentioned in the discussion of this 
fanglomerate. Such a fault is indicated by the proximity of the east-dipping Silurian 
(?) and Devonian (?) strata, on the west, to the east-dipping pre-Cambrian rocks on 
the east. Fully 20,000 feet, of pre-Cambrian, Cambrian, and Ordovician rocks is 
cut out by this buried fault, and the dip slip is probably of this order of magnitude. 
Since the coarse and thick Nova fanglomerate was derived from the east, it is inferred 
that the movement along this fault created a west-facing scarp which was eroded to 
yield the fanglomerate. 

The location of the fault buried beneath the Nova fanglomerate is not known 
from any direct field observations. There is good reason to believe, however, that 
this buried fault is a northerly continuation of the long straight north-trending 
marginal fault on the west edge of the Panamint Range south of the mouth of Wild- 
rose Canyon, for a north-trending zone of crushed and discolored pre-Cambrian rock 
on the west edge of the range in and south of Wildrose Canyon disappears under the 
Nova fanglomerate as it is traced north. This zone of crushed rock dips about 35°W.; 
for a short distance south of Wildrose Canyon it constitutes the front of the range, 
which is similar to the faceted part of the mountain front south of Ballarat described 
by Noble (1926, p. 425-427) and illustrated in Figure 1 of Plate 4. If this straight 
marginal fault is extended to the north into the area mapped it passes between the 
Paleozoic and pre-Cambrian outcrops on the west side of the Panamint Range, as 
the buried fault must, and emerges in Emigrant Wash. The presence of a fault 
beneath the gravel of Emigrant Wash was suggested by Ball (1907, p. 210; this fault 
is also inferable between the Pennsylvanian and Cambrian of Ball’s section LL’, 
p. 198). The buried fault is therefore here indicated (Pl. 1) as a single normal fault, a 
direct prolongation of the north-trending fault marginal to the present range south 
of the mouth of Wildrose Canyon. 

As interpreted from the foregoing data, the earliest activity on this part of the 
Panamint Valley fault zone was movement on the buried fault which separates the 
Paleozoic rocks from the pre-Cambrian. The large displacement on this fault leads 
to the belief that its movement may have created a high west-facing scarp. The 
Nova fanglomerate, known to have been derived from the east, is considered to be the 
product of the degradation of this scarp. Shortly after their deposition the fan- 
glomerate and the interbedded basalt were tilted slightly to the east, probably by 
faulting along the Panamint Valley fault zone. Then ensued the long period of 
erosion, ending toward the close of the Pliocene epoch, which reduced the relief of 
this region to an old-age condition. Later faulting, blocking out the present west 
front of the Panamint Range, followed the strike of the old north-trending fault 
south of Wildrose Canyon, but north of Wildrose Canyon it took place along north- 
northwest-trending fractures, the step faults of the Panamint Valley fault zone in 
the area mapped. Thus the part of the north-trending fault north of Wildrose 
Canyon, buried by the Nova formation, did not becorne active again; the later 
movement followed a north-northwesterly course. 

Plate 6 illustrates the history of the portion of Panamint Valley crossed by the 
strip mapped, as thus interpreted. 
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FAULTING ON THE East EDGE OF PANAMINT RANGE: The evidence for major 
faulting along the east margin of the Panamint Range within the area mapped is 
entirely geomorphic. The old-age surface of subdued relief on the summit has been 
uplifted, without appreciable tilting, several thousand feet above the floors of Pana- 
mint and Death valleys and is bounded on both west and east by steep and rugged 
slopes. The slope to the west is the result of the step faulting just described. The 
slope to the east, though considerably steeper, is much more deeply dissected. There 
is no evidence of recent movement along faults within it or at its base. In all its 
geomorphic aspects, including height and steepness, it is comparable to the east 
front of the Sierra Nevada. For these reasons it is considered to be a deeply eroded 
fault scarp, and on the geologic map and section of Plate 1 a buried fault of unknown 
attitude is indicated just east of the present margin of the Panamint Range. Froma 
consideration of the deeply eroded character of the scarp, the major movement along 
this buried fault or fault zone is believed to have occurred early in the Pleistocene, 
at which time the range was probably uplifted as a horst (next to last stage in Pl. 6), 

Later uplifts of this part of the range seem to have been accomplished wholly by 
normal faulting along its western edge. The large scale of these movements on the 
Panamint Valley fault zone, the equally large scale of the late movements along the 
fault zone on the east side of Death Valley, and the lack of known contemporaneous 
deformation between these two zones suggest that during this later faulting the 
Panamint Range and Death Valley behaved essentially as a single crustal block, and 
that the west edge of the block was uplifted, elevating the Panamint Range, while 
the east edge was lowered, depressing Death Valley. This suggestion implies that 
the Panamint Range has been tilted to the east by these latest movements, yet the 
old erosion surface on the summit does not appear to be tilted. The width of the 
crustal block between the two fault zones, however, is so great that a considerable 
uplift of the Panamint Range could be brought about by a rather small rotation. 
The two zones are about 29 miles apart, which would mean that a 3-degree rotation 
of the block about a north-trending horizontal axis near the earth’s surface midway 
between the two zones would elevate the west part of the Panamint Range 4000 feet 
and would depress the east edge of Death Valley an equal amount. This may explain 
the failure to notice evidence of tilting of the summit upland. 

Nowhere is the east edge of the central part of the Panamint Range marked by 
evidences of recent major uplift by faulting, such as triangular-faceted spur ends 
and straightness of bedrock-alluvium contact, which are so prominent on the west 
margin of the range. At a few places outside the area mapped, however, there are 
small east-facing fault scarps in the alluvium of the large fans which spread to the 
east into Death Valley. A recent scarp of this kind lies directly east of Telescope 
Peak. These scarps suggest that fault movements are being resumed along the east 
edge of the range and that the uplift now in progress is again of the horst, rather than 
of the tilted block, type. 

Discussion of Cenozoic structures —From the foregoing description of the Cenozoic 
structural features it is evident that deformation has occurred frequently during the 
latter half of the Cenozoic era. A summary of the age, location, and nature of the 
known Cenozoic crustal movements is as follows, in chronologic order: 
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(1) Faulting, older than the Nova formation, on the west flank of the Panamint 
Range 

(2) Eastward tilting of the Nova formation before the development of the late 
Pliocene or early Pleistocene old-age erosion surface ;, 

(3) Uplift of the Coso Range, at least partly by faulting, after the development 
of this surface but before the deposition of the late Pliocene or early Pleistocene 
Coso formation 

(4) Extensive normal faulting throughout the entire area after the extrusion of 
the late Pliocene or early Pleistocene basalt but before the deposition of the lake beds 
of Darwin wash and of the older alluvium 

(5) Faulting, after the deposition of the older alluvium, on both sides of Panamint 
Valley. 

The deformation to which the area owes most of its present relief is (4); subsequent 
crustal movements are unknown except in Panamint Valley. During this major 
deformation the crustal blocks between Cactus Flat and the Panamint Range, 
bounded by Quaternary faults, were tilted to the east, and those west of Cactus Flat 
were tilted west. East of Cactus Flat, faulting and tilting both occurred in the 
relatively short period after the outflow of basaltic lava but before the deposition of 
the Darwin Wash lake beds and the older alluvium; this strongly suggests that 
faulting and tilting were contemporaneous. If so, the movement was a rotation of 
the fault blocks to the east, so that the fault surfaces were tilted as well as the lava 
sheets. Argus Range and Panamint Valley, for example, constituted a crustal 
block bounded on the east and west by fault zones, and movement along these zones 
tilted the block so that its west edge was uplifted to form Argus Range and its east 
edge was depressed to form Panamint Valley. During the post-basalt deformation 
of the area the upper part of the earth’s crust must have been lengthened in an east- 
west direction, but the magnitude of this lengthening cannot be calculated because 
of the unknown dips and dip slips of some of the major faults, and also because of 
the unknown strike slips along the faults, whose traces are not parallel. 

No close folds were created by the Cenozoic crustal movements, but the deforma- 
tion did include the forming of gentle flexures. Warping seems to have accompanied 
the earlier tilting of the Nova formation [(2) in the above list; early Pliocene? stage 
of Pl. 6], for the eastward dips of this formation are in general somewhat greater 
in the west part of the Panamint Range than in the central part. The importance of 
warping in the later Cenozoic deformation is difficult to evaluate because the observed 
effects which may have been produced by major warping may equally well be the 
result of the rotation of fault-blocks. The dips of the Coso formation in the geologic 
section of Plate 1, for example, suggest that the latest uplift of the Coso Range 
[(4) in the list above] may have involved broad anticlinal flexing, but it is equally 
possible that these dips resulted from the tilting of rigid blocks by faulting. Re- 
ferring again to this geologic section, it might even be postulated that, just prior to 
the faulting by which the present topography is so largely determined, the late 
Pliocene or early Pleistocene erosion surface was flexed into a great north-trending 
upwarp whose axis was near the site of the present Coso Range and which included 
as its west and east flanks the Sierra Nevada and the Argus Range respectively. 
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The faulting between the summits of the Sierra Nevada and the Argus Range could 
then be regarded as the result of the later collapse of the crest of this great anticline, 
LeConte’s somewhat similar hypothesis for the creation of the entire Great Basin by 
the breakdown of an upwarp extending from the Sierra Nevada to the Wasatch 
Range is well known (LeConte, 1889, p. 262). 

There are objections, however, to the idea that any such anticline existed for an 
appreciable length of early Pleistocene time. The height of its central part would 
have been so great that evidences of glaciation should now be found on the summit of 
the Coso Range. Furthermore, deep gorges, counterparts of those formed early in 
the Pleistocene on the west slope of the Sierra Nevada, would have been cut on the 
east limb of the anticline also, and should now be represented as canyons extending 
from the west edge of Panamint Valley completely up to the crest of the Argus Range, 
with evidence that their heads originally lay even farther west. The absence of 
such canyons is reason for belief that the eastward tilt of this range could not have 
existed for a very long time before the faulting which created its western scarp. 
This supports the suggestion that tilting and faulting occurred at the same time as 
parts of the same process. 

During the post-basalt deformation in the area the outer portion of the crust 
was extended, and most parts of it were elevated. Quite possibly this deformation 
was caused by regional anticlinal warping, with east-west tension in the upper part of 
the crust accompanying a tendency for broad uplift; if this was the case, however, 
the flexing in the deeper part of the crust must have resulted almost immediately in 
normal faulting at the surface. The recent strike-slip faulting in Death and Pana- 
mint valleys demonstrates that horizontal shearing stresses were active in at least 
the latter part of the deformation. 

On the basis of the correlations suggested for the Cenozoic rocks, certain inferences 
may be made regarding the age of the deformation which gave the area most of its 
present relief [(4) in the list above]. This normal faulting took place after the 
deposition of the Coso formation and the extrusion of the overlying basalt, but before 
the deposition of the lake beds of Darwin Wash. If the Coso formation is to be 
correlated with the McGee till, and the lake beds of Darwin Wash and Waucoba 
Canyon with the Sherwin till, then the major uplifts of the Coso, Inyo, and Argus 
ranges occurred in the interglacial stage between the first and second of the four 
Pleistocene glacial stages recognized in the Sierra Nevada. ‘There is good reason to 
believe that the major uplift of the Sierra Nevada along the fault zone at its eastem 
edge occurred at this same time, for Matthes (1933, p. 38) has pointed out that the 
McGee moraines are now situated high on the eastern slope of the Sierra, whereas 
the younger moraines lie at the mouths of the present canyons. It is interesting to 
note further that the major deformation of the southern California Coast Ranges is 
also considered to have taken place in the interglacial stage between the first and 
second Sierran glaciations (Gale, in Grant and Gale, 1931, p. 75). These relations 
strongly suggest that most of the relief of the southwestern Great Basin, the Sierm 
Nevada, and the southern California Coast Ranges was created by deformation 
during the first Sierran Interglacial stage early in the Pleistocene epoch, with normal 
faulting in the eastern part of this region accompanying folding and thrust faulting 
in the coastal belt to the west. 
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and possibly also on the zone of faults on the 
edge of the Argus Range. 

(2) Late Miocene to early Pliocene? Deposition of 
Nova formation (alluvial fan material, derived 
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bedded basalt). 

(3) Early Pliocene? Tilting of the Nova formatic 
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LAVA FLOWS FROM PARICUTIN VOLCANO, 


Sketched on aerial photographic base in September and October 1944, 
from a map by the Instituto de Geologia. Final date of map: October 20, 
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ABSTRACT 


A more or less continuous record of the activity of Parfcutin Volcano from mid- 
August to late October 1944 is presented. During this time lava flowed almost 
continuously from bocas which developed on the northeast side of the cone on August 
15 and September 4, and on the southwest side of the cone on September 13 and 
September 27. The lava issues from bocas located on fissures ranging from a few 
hundred feet up to half a mile from the base of the cone. The typical boca is about 
50 feet in width, and the very stiff, viscous lava, which has a temperature of about 
1038° C. issues from the boca at a velocity of from 10 to 50 feet per minute. Bocas 
on both sides of the cone are roughly aligned in the direction N. 35° E., and most, if 
not all, of the lava which has flowed from Parfcutin has issued from bocas along or 
near thistrend. The cycle of activity of a lava flow begins with the accumulation of 
pressure which raises the surface of the ground, causing tension cracks to develop. 
With the initial outbreak of lava along one of these cracks, the surface collapses, and 
a graben results. In the early stage the lava front is about 15 feet thick, and the 
rate of flow is measured in feet per minute. As the flow becomes longer the rate of 
advance decreases to feet per hour, and the thickness increases to about 30 feet by 
sill-like injections which raise the surface of the flow. The appearance of these 
marginal tongues indicates that the flow is in its final stage. A map showing the 
location and extent of the lava flows from Paricutin since its birth to October 20, 
1944 is included. 

The prevailing idea that Paricutin is related to the east-west trend of famous vol- 
canoes along the 19th parallel and the southern margin of the Mesa de Central should 
be critically reviewed, and the possibility that Paricutin is related to a trend parallel 
to the adjacent coast of the Pacific Ocean should not be overlooked. 


INTRODUCTION 


Paricutin Volcano, named froma small Tarascan Indian villiage in the state of 
Michoacan in western Mexico, is about 200 miles west of Mexico City and 20 miles 
northwest of Uruapan, a city of 30,000 inhabitants, which is connected with Mexico 
City by paved highway and railroad. From Uruapan cars and buses can reach San 
Juan campamento, about 3 miles from the volcano and at the edge of the lava flow 
which buried the village of San Juan de Parangaricutiro. 

How Parfcutin Volcano was born in a corn field on February 20, 1943, has been 
told by Ordofiez (1943), Trask (1943), Pough (1943) Green (1944), Bullard (1944), 
and others. It is situated in a region where there are literally hundreds of Recent 
cinder cones, and in the area immediately surrounding Parfcutin these cones are 
particularly numerous. The dominant mass in the vicinity of Paricutin is Tancitaro 
Mountain (approximately 13,000 feet), and girdling this towering volcano are 
hundreds of cinder cones similar to Parfcutin. Parfcutin might be thought of asa 
parasitic cone on Tancftaro, but Williams (1945 p. 255) has shown that this is only 
an incidental relationship. 

Parfcutin was 3 days old when Dr. Ezequiel Ordofiez, veteran Mexican geologist 
and student of volcanoes, arrived on the scene. He has continued to keep the 
volcano under observation and has published accounts (1945) of its activity from time 
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to time. American scientists who were observers of the early stages of the volcano 
include Foshag, Fries, Trask, Pough, Graton, and others. The writer first visited 
Paricutin in June 1943 when the volcano was 3} months old, and again in August 
1943. In 1944 the writer visited Paricutin in June, twice in July, and again in 
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Ficure 1.—Index map showing location of Paricutin Volcano 


early'August. From about the middle of August to October 20, 1944, the writer was 
in more or less continuous observation at the volcano, and most of the material 
included in this paper is based on studies made atthat time. Some observations 
made on trips to the volcano in June, July, and August 1945 are also included. 

The writer feels that the observational datanow at hand donot justify much 
interpretation. When all the observational data from Paricutin have been recorded 
and assembled some interpretations may be justified. In this paper, therefore, every 
effort is made to present all the observations recorded, whether they appear to be 
significant or not, in the hope that they may help complete the record. Some con- 
clusions and opinions are expressed, but these are clearly separated from the ob- 
servational data on which they are based. 
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EARLY ACTIVITY OF PARICUTIN 


In the first few months of the life of Paricutin the material ejected was largely 
fragmental, and cone building was the dominant process. Ordofiez reports that the 
cone attained a height of 120 feet furing the first night (1943, p. 65), 450 feet by the 
twelfth day (1943, p. 66), and 1100 feet in its third month (1943, p. 63). The early 
lave flows were relatively short and consisted of a confused mass of black, angular 
blocks, red hot below the surface but with no molten material apparent. During the 
first 3 months the ash falls were heaviest, and the countryside, including the village 
of Paricutin, was largely buried during this period. Following the development a 
Zapicho, a subsidiary cone at the northeast edge of the main cone, in October 194%, 
the lava flows were hotter, more fluid, and larger. The chief activity of the volean 
since that time has been the outpouring of lava with cone building of secondary 
importance. Since the observations on which this paper is based fall within this 
period, they are concerned chiefly with the lava flows. 


LAVA FLOWS 
GENERAL STATEMENT 


Lava has been flowing from Paricutin almost continuously since its birth. The 
first lava began to issue on the third day, and with few exceptions lava has flowed from 
the volcano every month since that time. The most extensive flow to date is the 
San Juan flow which began in January 1944 and continued until August 1944. This 
flow originated from a fissure near the southwest base of the cone. It flowed eastward 
around the cone and then to the southeast until it reached a stream valley, which 
it followed in a northwesterly direction. The town of San Juan de Parangaricutino, 
located in this valley, was largely covered during June and July by this flow, and the 
lava continued about 2 miles beyond the town before it stopped early in August 
The period from mid-August to late October 1944, during which the writer was 
more or less constant observation at the volcano, was one of the most active periods 
of lava flows, and, furthermore, some of the flows developed on the north side of the 
cone in a position where they could be easily observed. The flows which developed 
during this period are described in some detail in chronologic order. The location 
and extent of these flows, as well as the earlier flows, is shown on Plate 1. 


LAVA FLOW OF AUGUST 15, 1944 


When the San Juan flow stopped moving early in August, a new outbreak was 
expected within a few days, on the basis of the pattern of previous flows. The actu 
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Ficure 1. Osservation Castin (Cas!rTA). 
Casita is almost surrounded by lava. Although the flow had been inactive for several weeks, when 
this picture was taken, the light spot on the lava (lower left) indicates that it is still hot. Photo 
by the author, September 6, 1944. 
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Ficure 2, GraBens Formep as Lava SURFACE SUBSIDES OVER CHANNELS WITHIN FLow. 
Direction of the graben is N. 75°W. Photo by the author, October 9, 1944. 


LAVA FLOW OF AUGUST 1944 
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outbreak came on August 15 (some reports place it as early as August 13), and two 
or more bocas' developed on the north side of the cone, near the base of Zapicho. 
The lava moved northwestward, overriding the November—December 1943 flow and 
followed the margin of the cinder-covered slopes which mark the end of the first lava 
flow from Paricutin. When the flow was first observed by the writer on August 17, 
it had reached a point a short distance west of the casita’, and the margin was at the 
south rim of the ancient crater, directly opposite the casita on the north rim. At 
4:00 p.m., On August 17, fragments of lava began to cascade into the crater, and by 
6:00 p.m. a magnificent cascade of molten lava, covering nearly a third of the south 
rim, was pouring into the crater. All during the night the flow continued, and by 
morning the crater was filled to within about 20 feet of the level of the rim on which 
the casita was located. No further filling occurred at this time, and by the following 
night the lava had cooled so that only a few “red” spots were visible. At 4:00 
p.m., on August 19, several avalanches in which the fragments were red hot were 
noted at the southeast margin of the filled crater. Soon a boca developed at the 
point where the avalanches had occurred, and a molten stream of lava, about 50 
feed in width, began to issue from beneath the earlier flow. A grabenlike depression 
extended back about 200 feet from the boca (Pl. 3, fig. 2). The stream of lava 
was flowing at the rate of 5 feet per minute at the point of issue, and the lava front 
was advancing along the margin of the partly filled crater. During the afternoon 
the entire flow, which had filled the crater 2 days earlier, seemed to come to life. 
Red-hot material welled up in the cracks, and the whole surface of the flow was slowly 
raised, accompanied by cracking and grinding of the boulders as the surface was 
was elevated. Apparently a sill-like injection was lifting the lava surface and 
squeezing out along the marginal cracks. Small marginal tongues of lava were 
extruded at many of these cracks. In the 2 days that followed, the lava surface was 
elevated from 30 to 40 feet. On the morning of August 20, the boca which had 
developed late the preceding afternoon was inactive and apparently cold, although 
the lava tongues along the margin were active, and the surface of the flow in the crater 
continued to rise. By 10:00 p.m., on August 20, the lava in the crater reached the 
level of a low point on the east rim of the crater, and during the night the lava over- 
flowed at this point. When observed early the next morning the stream of lava was 
flowing northward into the basin formed by the margin of the November-December 
1943 flow and the side of the ancient cone. The lava stream was 20 feet wide and 
apparently about 8 feet deep. The rate of flow on the steepest slope (about 15°) 
was 6 feet per minute. The flow continued, although with decreasing velocity, 
until September 1, and small marginal tongues were still active until September 7. 


LAVA FLOW OF SEPTEMBER 4 


General description—On the morning of September 4 several rock slides were 
heard which appeared to come from some distance east of the casita. Judging from 
the sound and the distance the slides were of considerable magnitude. At 5:00 p.m., 
September 4, we found that a large flow was already about half a mile from its source. 


1 Boca, as used in this paper, refers to the point or place on the surface from which the lava actually issues. 
* Casita, Spanish for little house, is used throughout this paper to designate the observation cabin of the Insti- 
tute de Geologia which the writer occupied. The location of the casita is shown on Plate 1. 
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The boca was in the edge of the San Juan (January-February 1944) flow and, inter- 
estingly enough, at the point where some rather large avalanches had been observed 
on August 23. The location of the boca, which is about three-quarters of a mile 
east of the casita and on the north side of the cone, isshown on Plate1. At5:00p.m, 
the lava front was about 200 yards across and was advancing over an earlier flow in 
a depression between the November—December 1943 flow and the San Juan flow. The 
lava was quite fluid, and the entire front was advancing about 30 feet per minute, 
Great blocks (erratics) of the older (San Juan) flow at the boca were floating on the 
surface as morainal debris. Several of these blocks were as large as a small house. 
Many of the blocks disintegrated (Pl. 4), but some were carried for a mile or more 
and were finally added to the rubble at the margin of the flow—or remained on the 
surface as the flow came to rest. Some erratics were partially buried by the lava 
piling up behind the blocks. One boulder, approximately 20 feet square and red 
hot, split into fragments as it sank into the lava stream (Pl. 4, fig. 1). The lava was 
highly charged with gas, and explosions were frequent in the lava stream. The surface 
of the lava would swell into a blister, often 10 feet in diameter, which would explode 
with a sharp “gunshot” report, followed by a hissing or roaring noise like air escaping 
from a tire. In some of the explosions fragments of molten lava were blown toa 
height of 50 to 100 feet, followed by the exhaust of the gases. Not infrequently the 
explosions, instead of being vertical, were at an angle, and fragments of lava were 
scattered along the margin of the flow. Also, many “swells” occurred which did not 
burst. 

Description of the boca.—The boca developed near the margin of the November- 
December 1943 flow, and the lava flowed from a depression developed largely by the 
upsurging lava carrying away the overlying blocks of lava. For some distance 
surrounding the boca the area was badly fractured. The fractures, many of which 
were deep crevasses which could not be readily crossed, made it difficult to approach 
the boca. The complicated fracture system associated with the bocas was the result 
of the pressure incident to the outbreak of the lava. Very little heat rises from these 
fractures, incliding those directly behind an active boca. Certainly, if the lava 
was draining out from beneath a previous flow there would be considerable heat issuing 
from the fractures above the channel. It is concluded, therefore, that the primary 
bocas are fractures along which the lava is welling up and that they are independent 
of the flow from which they appear to issue. The fracture system and other details 
of the boca of September 4 are shown in Figure 2. 


LAVA FLOW OF SEPTEMBER 13, 1944 


A lava flow developed on the southwest side of the cone, in the vicinity of the 
hornitos*, on September 13, according to Ordofiez. The writer observed the reflections 
(red glow) from this flow but did not visit the scene at the time. The approximate 
extent of this flow (labeled September 1944) is shown on Plate 1. 


3 Spanish term meaning small oven. Used to designate a spatter cone which erupts lava in the initial stage of a lava 
flow and becomes a fumarole as the flow declines. Ordofiez uses the term volcancito (little volcano) for this feature 
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Ficure 1. Lance Erratics (NOvEMBER-DECEMBER 1943 FLow) CARRIED ON SURFACE OF FLow 
As the lava piles up behind and overrides them they disintegrate and sink. About one-fourth mile 
\ from the boca. Photo by the author, September 4, 1944. 


Ficure 2. Erratics ON SURFACE OF INACTIVE FLow 
About half a mile from the boca. Photo by the author, September 12, 1944. 


ERRATICS ON LAVA FLOW OF SEPTEMBER 4, 1944. 
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Ficure 1. Boca or Lava FLow or SEPTEMBER 27, 1944. 
Lava is issuing from a fault marking the west side of a graben. The ridge to the left of the lava 
stream is the upthrow side. Photo by the author, October 6, 1944. 


Ficure 2. Boca or Lava Fiow or SEPTEMBER 27, 1944. 
Close view of boca from a different angle. Photo by the author, October 6, 1944. 


BOCA OF LAVA FLOW OF SEPTEMBER 27, 1944 
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LAVA FLOW OF SEPTEMBER 27, 1944 


The first definite evidence that this boca was active was noted on the evening of 
September 27 when a strong red glow appeared on the southwest side of the cone. 
Since the boca is nearly directly back of the cone with respect to the casita (position 
of observation), some of the peculiar red glow observed about midnight on September 
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Ficure 2.—Field sketch of boca of September 4, 1944 


26 may have been associated with its development. (See [Sept. 26] in Notes on Ac- 
tivity of Centrai Crater.) The lava flow was first observed on the morning of 
September 28 when the lava front was approximately three-fourths of a mile from 
itssource. It is perhaps worth noting that on the evening of September 27 the writer 
made the following entry: “There does not seem to be the red glow over the crater, 
such as has been present for several nights”. This strongly suggests that the lava 
in the crater drained out as the new boca became active. 

The boca was located on the southwest side of the cone about 400 feet from the 
base and in the general vicinity of the source of the San Juan flow (Pl. 1). The most 
striking feature at the boca was a large graben with one side at the hornitos (actually 
cutting through the center of the most prominent one) and the other side about 200 
yards to the northwest. The lava was issuing from a fault marking the west side 
of the graben (Pl. 5). The displacement of the downdropped block was about 30 
feet. 

On a trip to this area about a month before the outbreak of the flow, a large 
fracture cutting through the most prominent hornito was mapped and photographed. 
This fracture proved to be the east side of the graben. On this same trip many 
fractures were noted along the west side of the graben area, but their location could 
not be established with certainty. That these fractures were evident at least a month 
before the outbreak of the lava is proof that a close study of such features is essential. 
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The boca was about 75 feet in width, and the lava, rising along the fault marking 
the west side of the graben, was flowing at the rate of 50 feet per minute (PI. 5). Ip 
addition to the boca, there was a lake of lava which at first appeared to be a whirl 
pool, but actually the lava was welling up at either end of a circular pool and flowing 


Ficure 3.—Field sketch of boca of September 27, 1944 


to the center where the two streams joined and disappeared together in a crevasse, 
The line of juncture of the two currents shifted from one side to the other, possibly 
in response to variations in volume and velocity of the lava streams from the two sides. 
After disappearing in the crevasse, the lava apparently flowed underground and came 
to the surface again at the boca described above. In the early stages there were some 
small, disconnected surface channels of lava from the lava lake to the boca, but these 
carried only a small amount of lava and disappeared after a few days. 

Intrusive lava was present in the southward extension of the fractures along which 
the lava lake and the boca were located. Comparatively little gas was present in 
the lava as it issued from the boca. Occasionally a blister would form, and gas 
would escape with a hissing noise, but there were no explosions such as were observed 
in the September 4 flow. Figure 3 shows the relationships at the boca as observed 
on September 28. 

The lava flowed westward from the boca carrying, in the early stages, many 
erratics of the San Juan flow with it. About a quarter of a mile from the boca the 
lava stream plunged into a deep ravine. This ravine was about 75 feet deep, and a 
the stream of lava plunged over the side it produced a most spectacular lava cascade. 
The flow followed the ravine, which was along the margin of the June 1943 flow, andon 
reaching the end of this flow, near the village of Paricutin, it spread out covering 
most of the site of the village of Paricutin which had escaped the earlier flow. Con 
tinuing beyond the village of Parfcutin, the flow reached a stream valley which it 
followed to the northwest (PI. 1). 

When the boca area was investigated on October 6, the lava lake was crusted over, 
and the surface was covered with many active gas vents. The gas vents were small 
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Ficure 1. Part or SEPrEMBER-OCTOBER 1944 Flow 
In the stream channel it extends ahead of the main lava front in a tonguelike projection. Photo 
by the author, October 11, 1944. 


Ficure 2. Lava FLow or SEPTEMBER 4, 1944. 
Advancing through a forest. Trees are usually pushed over and buried by the advancing lava. 
Photo by the author, September 6, 1944. 


PARICUTIN LAVA FLOWS 
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Ficure 1. CHARACTERISTIC ExTRUSIVE PATTERN DEVELOPED ON LAvA SURFACE 
Formed as the lava is forced out in small channels along the margin of the flow. Locally this is 
known as “toothpaste” lava. Photo by Tad Nichols, October 11, 1944. 


Ficure 2. Insection Upiirrinc OLpER Lava SURFACE 
The molten material is being squeezed out along the cracks. Photo by Tad Nichols, October 11, 1944. 


MARGINAL FEATURES OBSERVED ON THE SEPTEMBER-OCTOBER 1944 FLOW 
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chimneylike elevations, 3-5 feet high, and from the red-hot interior gas was escaping 
with a roar like the exhaust of steam froma locomotive. Dozens of these “‘exhausts”’ 
produced a noise that could be heard for more than half a mile. Deposits of ferrous 
chloride covered the entire area, and hydrochloric acid fumes made it difficult to ap- 
proach the area, except under favorable wind conditions. 

When the rate of advance of the flow was first measured (11:00 a.m., September 28) 
the lava front was due west of the casita, along the west margin of the June 1943 
flow. The rate of advance at this time was 60 feet per hour. Later, on September 
29, the most rapid lobe was moving about 40 feet per hour. The lobe which covered 
the site of the village of Paricutin was advancing 20 feet per hour when it crossed the 
main east-west street at 5:00 p.m., on September 29. This flow joined the San Juan 
flow on October 17 and continued its forward movement until about November 1. 
The lava front at various stages is shown on Plate 1. 


LAVA FLOW OF JUNE 1945 


General description.—This flow began about the middle of June, originating at a 
point near the southwest base of the cone in the area from which most of the flows 
from that side of the cone have issued. The lava first flowed around the cone to the 
south and east, but in a short time this flow stopped. The lava, breaking out at 
a near-by point, flowed north and west, first filling in around the base of the cone and 
then overriding the September—October 1944 flow, following northward along the 
west margin of the high ridge which marks the June 1943 flow until it reached the end 
of this flow near the site of the village of Paricutin. Here it cut across the September— 
October 1944 flow, and in addition to overriding this flow one tongue followed the 
eastern edge of this flow. The flow was active during July and August and into the 
early part of September. The most active tongue of this flow was moving 12 feet 
per hour when observed on June 30 at a point along the west margin of the June 1943 
flow and about half a mile southeast of the site of Parfcutin village. On August 25 
the flow was approaching the old Paricutin-San Juan road (Pl. 1) along the east 
margin of the September—October 1944 flow, and the most active front was moving 
from 6 to 10 feet per hour. This flow is not shown on Plate 1. 

Description of the boca.—The boca was first observed by the writer on June 28. 
It was located on the southwest side of the cone, near the east side of the graben 
described in connection with the September 27, 1944, boca (Fig. 3). A triangular 
section of the cone, extending from the base to a height of about 150 feet, had been 
pushed out from 10 to 15 feet. A fissure extended to the south from the break in 
the cone, and lava was issuing from this fissure at a point about 300 feet from the base 
ofthe cone. (A few days earlier lava is reported to have issued from a similar fissure 
which extended to the east from the other side of the triangular break in the cone.) 
Between the boca and the cone the fissure was an active gas vent. The lava was 
issuing slowly from the fissure in a stream about 25 feet in width. The actual boca 
was not well defined (as compared to previous bocas), and the lava seemed to be moving 
too slowly to account for the volume of lava which was apparently coming from this 
source. There was considerable gas in the lava, and many blisters formed on the 
surface of the flow, frequently erupting with sharp explosions. 
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The boca was visited again on August 23, and the general relationships were the 
same as in June, except that a hornito (spatter cone) had formed along the fissure, 
midway between the boca and the base of the cone. The new hornito was about 
50 feet high, and great quantities of hydrochloric acid (chlorine ?) gas were issuing 
from a summit crater about 8 feet in diameter. The stream of lava at the boca was 
still about 25 feet in width and was moving from 15 to 20 feet per minute. Some gas 
was apparent in the lava at the boca, but there were no explosions such as were 
common in June. The lava did not seem to be as fluid as that of the preceding year, 
and even on steep slopes there was not much increase in velocity. A very pronounced 
cascade occurred in the lava stream a short distance west of the boca. Here the 
lava stream divided, and two separate channels, with an island between, flowed over 
a steep slope (Pl. 8, fig. 2). Frequently large masses of lava would accumulate at 
the edge of the cascade, override the flow, and roll down the cascade, producing the 
bright spots which were watched with interest at night from the Lower Casita. 


CHARACTERISTICS OF THE LAVA 
NATURE OF FLOW 


In the lava movement the flow is laminar, and no approach to turbulent flow has 
been observed, even in the hottest part of the bocas. As the lava front advances, 
the slaglike material from the crust, as well as blocks, bombs, and other debris which 
has accumulated on the surface, rolls from the advancing edge and forms an accumw- 
lation of rubble over which the lava advances. Thus the brecciated base of the 
flow consists largely of fragments which were originally surface material on the lava 


stream. 


VISCOSITY 


All the lavas from Parciutin are stiff and viscous, and none of the more fluid lavas, 
such as are characteristic of Hawaii, are present. The lava seems to lose very little 
of its viscosity (or temperature) in the flow. Even the small lateral tongues, marking 
the final stage of lava flow may be several miles from the source and must necesarily 
have been many days or perhaps weeks in reaching their destination. They stil 
retain approximately the viscosity of the lava at the boca. While no method @ 
obtaining a uniform measure of viscosity was available, and descriptive terms, 
are not exact, the lava may be compared to taffy candy which is ready to “pull. 
With a long stick the writer was able to “pull” the molten material and modi 
around the end of a stick, but it chilled and became brittle the instant it was removel 
from the flow. 


TEMPERATURE 


The temperature of the lava was measured with a hand model optical pyrometet 
The readings were taken during the day in subdued light. The following are typical 


“Cabin for accommodation of scientific investigators, built with The Geological Society of America funds unit 
the direction of the U. S. Committee for the Study of Parfcutin (National Research Council) and the Comisién Impal 
sora y Coordinadora de la Investigacién Cientffica de México. The cabin is located adjacent (north) to the Se 
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Ficure 1. On Norts Sipe or Cone 
Near the base, is Zapicho (left) and a group of rounded ridges (on the right) which mark'the first 
lava flows (February-March, 1943) from Paricutin Volcano. The line of broken rocks, extending 
from the lower left towards the cone is a prominent fracture zone with a bearing of $.35° W. 
Photo by the author, October 9, 1944. 


Ficure 2. 
Aerial view of Parfcutin volcano and June, 1945 lava flow. Photo by Tad Nichols, July 30, 1945. 


PARICUTIN VOLCANO IN 1944 AND 1945 
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of many readings: On September 6 the lava in the cracks at the margin of the 
September 4 flow gave readings up to 1021°C. Surfaces which were just beginning 
to crust gave readings of about 954°C. Measurements on the September 27 flow 
(taken the morning of September 28 and about a mile from the boca) gave readings 
from 943°C to 954°C. Temperatures at the hottest part of the boca (on Sep- 
tember 28) ranged from 1043° C to 1057° C. 


LAVA CYCLE 


It is perhaps hazardous to outline a cycle of activity of a lava flow from the data 
now available. However, the following outline summarizes the observations of the 
writer, and it may be of value to future workers in this fleld. 

The initial stage in the outbreak of a lava flow is the accumulation of pressure 
below the point of outbreak and a slow uplift of the surface. In the lava flow of 
September 27, tension cracks resulting from this upward pressure were noted as 
early as September 2. The amount of uplift before the outbreak of the flow is not 
known, but with adequate instruments this should be easily measured. The initial 
outbreak of lava occurs along one of the prominent fractures, or tension cracks. The 
lava usually erupts at a number of places, building up a series of spatter cones, or 
hornitos, until a definite outlet channel is established. The lava then follows this 
channel, and the spatter cones become gas vents. The lava is forced upward in 
many of the fractures and in some places, where it does not reach the surface, it 
forms dikelike intrusions. As soon as the outbreak of lava relieves the pressure, 
probably in a matter of a few hours, the area settles, developing a graben. The 
floor of the graben in the September 27 flow dropped about 30 feet, although this 
does not necessarily represent the uplift, since the draining out of the lava may permit 
additional settling. 

A typical boca has a width of about 50 feet, although variations in both directions 
from this figure have been observed. The lava front advances rapidly in the initial 
] stage. Velocities up to 30 feet per minute, a quarter of a mile from the boca, have 
been observed. The velocity depends, of course, on the viscosity, temperature, 
gradient and nature of the channel, and probably other factors. The initial lava 
front is usually between 10 and: 15 feet thick and it advances on the entire front, al- 
though the front is usually lobate because of the uneven topography. After the 
initial stage of rapid movement (feet per minute) the rate of flow becomes much less, 
usually a few feet per hour, and the thickness is the result of the uplift of the crust 
by pressure from beneath, that is, by sill-like intrusions. The final stage in the history 
of the flow is marked by the development of small marginal tongues or lateral flows. 
When the forward movement stops, or becomes quite slow, lava tongues break out 
at favorable points along the margin. These small flows develop a boca and have 
most of the characteristics of a primary boca. They range from 3 to 5 feet in width, 
and as the lava drains out from beneath the flow the crust subsides, and a graben de- 
velops over the lava channel. The marginal tongues are usually active for about 
4 hours, and when they stop, the activity of the flow at that margin is completed. 
The lava coming from these small bocas, like the lava from the primary bocas, is 
squeezed out under pressure, and the upper surface has a characteristic extrusive 
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pattern, locally called “toothpaste” lava, since it resembles the pattern formed whe 
tooth paste is squeezed from a tube (Pl. 7, fig. 1). It is interesting to note that 
renewal of activity of a dormant flow begins in (1) elevation of the surface, (2) 
development of marginal tongues, and (3) general movement along the entire front, 


ALIGNMENT OF THE BOCAS 


Most, if not all, the lava flows have originated at bocas located either on the north. 
east or southwest side of the cone. While these do not fall on a single straight line 
it is quite obvious that they are aligned in a belt. In considering the alignment of 
the bocas, with the hope that some information on the underlying structure may be 
revealed, it is desirable to classify the bocas into two groups which may be designated 
as “primary” and “secondary”. The first group includes the bocas which have given 
rise to the principal lava flows. They are characterized by fairly large volume, 
relatively long life, and the lava contains a large amount of gas. The “secondary” 
bocas develop along the margin of a lava flow and drain the lava from beneath the 
crust of the flow. The marginal flows and tongues of lava previously described 
belong to this class. These bocas may occur at any point, and there is no alignment 
or pattern in their location. However, the “primary” bocas, with a deeper origin, 
are related to the major structural pattern, and their location may be significant. The 
primary bocas, as well as Zapicho and the hornitos, fall into a northeast-southwest 
alignment. On the southwest side, the cracks and fissures of the September 27 boa 
had a genera! direction of $.35° W. Although no boca developed, similar cracks on 
the north side had a bearing of S.40° W., and Zapicho and the central crater ofthe 
main cone fall along this trend (PI. 8, fig. 1). It may also be significant that the most 
persistent fumaroles and the principal tremor zone on the northeast side were along 
this line. 


WATER ANALYSIS 


Rain water, on coming in contact with ash particles in the air and on the ground, 
dissolves many of the soluble salts from the ash. The writer used rain water asa 
water supply while living at the Casita. Usually the water, which was caught, in 
a crude wooden gutter, was a mixture of about equal parts of water and ash. The 
usual practice was to let the ash particles settle and decant the water. Although 
the supply was adequate, soluble salts gave the water such a disagreeable taste that 
it was difficult to use it for drinking, and it was even unsatisfactory for some typé 
of cooking. The analysis of a sample of this water (Table 1) is through the courtey 
of the Austin Laboratory of the Water Resources Branch, United States Geological 
Survey. 


STRUCTURAL TRENDS 


Most writers assume that Paricutin Volcano is related to the prominent east-west 
trend of famous volcanoes which are situated along the southern margin of theMes 
de Central, near the 19 degree parallel. The writer expressed this same view (Bullani, 
1944), but it now seems wise to question this assumption. Graton (1945) also 
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cently expressed doubt as to the validity of the east-west trend, but he does not 
advocate any alternative hypothesis. The only volcanoes in Mexico which have 
had eruptions of more than fumarolic character in historic time are Colima, Jorullo, 
Ceboruco, and Paricutin, all located along the western end of the so-called “trend” 


TABLE 1.—A nalysis of rain water collected from roof of Casita, 
three-fourths mile north of the base of Partcutin Volcano 
Sample collected in October 1944; analyzed by J. H. Rowley, U. S. Geological Survey, Water Resources Branch. 
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and near the Pacific Coast. A deep trough in the Pacific Ocean, a short distance off- 
shore and parallel to the Mexican and Central American coast, has been known for 
anumber of years. In a recent study Whitcroft (1945) shows that this trough con- 
sists of two parts; the northern part is called the Fosa de Mexico in which the deepest 
part is designated as the Trench of Acapulco, adjacent to the part of Mexico in which 
the active volcanoes are located, and the Trench of Guatemala, off the Guatemala- 
Salvador coast where other active volcanoes occur. The distribution of the active 
volcanoes in zones adjacent to the deep off-shore troughs lends support to the sug- 
gestion (Hobbs, 1944) that Parfcutin Volcano is related to a trend parallel to the 
adjacent Pacific Coast. 


SUMMARY OF OBSERVATIONS 


GENERAL STATEMENT 


The following notes on the activity of the central crater, followed by similar ob- 
servations on the lava flows, is presented as a matter of record. No definite corre- 
lation between activity in the central crater and the lava flows is apparent. Cer- 
tainly some broad generalizations can be made but the cyclic activity, as postulated 
by White (1944), is not evident. As long as lava is flowing freely the explosive 
activity at the central crater is likely to be only moderate, and when the lava stops 
flowing there is a marked increase in the explosive activity of the central crater, 
frequently building in vigor until a new boca develops. The writer is confident 
that a definite correlation between gas-column activity, explosive activity, and lava 
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flows could be made if the observational data were complete and all the observations 
were on a comparable basis. 


13 


23 


24 


26 


27 


October 4 


NOTES ON ACTIVITY OF CENTRAL CRATER 


Activity at Central Crater 


Bombs on Zapicho side. 
Strong explosions—entire slope of cone frequently covered with bombs, 


Distant, subdued explosions; grayish-brown gas column. 

Strong explosions; bombs abundant. 

Mild explosions; gas column brown to black. 

Relatively quiet; few bombs; light gas column. 

Light yellowish-gray gas column. 

Heavier gas column, brownish, with occasional outbursts of black. 
Subdued noise, but many explosions and some bombs on Zapicho slope, 
Heavy brownish gas column, noise subdued. 

Unusually heavy gray gas column. 

Heavy rains obscured cone throughout day and night (tropical storm on 
coast). Much lightning in eruption cloud (sharp gunlike reports) during 
the afternoon. 

Cone largely obscured by clouds, but many sharp explosions (lightning), 
A constant roar with no intermission, so it was impossible to distinguish 
between explosions. Ash falling at Casita. 

Heavy explosions in central crater; light, pale-yellow to white gas column. 
Strong explosions with heavy black gas column. 

Same as above. 

Brilliant display with many bombs, falling largely inside crater; red glow 
reflecting on steam clouds above crater; explosions subdued. 

Dense, heavy, gray to black gas column; explosions mild. 

Heavy black cauliflower gas column; infrequent explosions hurling many 
bombs outside crater. 

Red glare above crater seems to indicate that molten lava is filling crater. 
(First time during summer that wind-blown dust filled valley to the 
extent to be disagreeable. 

Heavy black eruption cloud; infrequent and distant explosions. 
Brilliant display; many bombs falling outside crater, chiefly on Zapicho 
side. 

Dark-gray to black eruption cloud: mild explosions. 

No eruption cloud, explosions increasing in intensity. 

Eruption cloud appears; fairly good display at night. 

Ash fall at Casita. 

Fog-obscured cone; no explosions; heavy grayish gas column. 

Bombs being erupted from both vents. Frequently entire sky above 
crater would light up (like lights coming on ina theater). Sometimes this 
was followed by a shower of bombs and other times it would fade away. 
Eruption cloud very light, largely steam; reflection of a red glow from the 
steam cloud illuminated the entire cone. 

Heavy grayish gas column; red glare present over cone for several nights 
is not present. 

Black, fairly heavy gas column; bombs falling about half way down on 
south slope; some ash at Casita. : 
Brilliant display with Bombs being erupted 1500 feet above crater rim. 


Dense, grayish-black eruption cloud. 

Same as above. Gas column fills entire crater. Two distinct columns 
visible, one near the west rim, the other near the center. : 
Distinct earthquake shocks at 8:15 p.m. and 8:25 p.m. Bombs falling 
about half way down on southwest and west slopes. Explosions have 
a definite “tin” noise (like rattling of a big sheet of tin). 
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Hour Activity at Central Crater 


Day Fairly heavy grayish gas column. Bombs falling on southwest slope 
from a vent which ejects bombs at a rather low angle. 

Evening Grayish eruption cloud of medium density from west vent only. Bombs 
coming out at a low angle and falling on southwest slope. 


6:00 a.m. —_ eruption cloud, white in color, which disappeared altogether about 
:00 a.m. 


Day Noise of explosions much greater—no eruption cloud. 
Night Same as above. 
Day Eruption cloud very light and mostly absent. Beginning about 10:00 


a.m., central vent began activity, with most of the bombs falling back 
into the crater. Noise of explosions is different from that of the west 
vent—more like distant thunder and lacking the“‘ tin” quality. 

Evening Brilliant display from central vent, with many bombs rising 1000 feet 
above crater rim; fairly heavy, dark eruption cloud. 

7:00 a.m. Light eruption cloud. 

8:30 a.m. Dense black gas column with many bombs—this activity continues for 
about half an hour, and then gas column disappeared although ejection of 
bombs continued, accompanied by a light-yellowish cloud. This type of 
activity continued during the morning. Lightning reports common in 
black gas column. 

Afternoon Light-yellowish gas column. 

Evening Brilliant display at central vent, with bombs frequently covering most of 
cone, a few falling beyond base. Maximum height observed (11 seconds, 
falling time). Noise of explosions churninglike. This type of activity 
continued all night, and glow above crater indicated that molten lava was 


again present. 
Day Fairly dense, grayish eruption column. 
Evening Heavy grayish eruption column obscured activity. 
Day Light-gray eruption column, quite dense during part of day with oc- 


casional outbursts of a dense black ash-filled eruption cloud. Many 
bombs falling on south side, most of which were flat slaglike masses. 

Night Crater illuminated by reflection of red glow on clouds above, indicating 
that molten material was present in crater. 

Day Light eruption cloud, gray to yellowish, becoming somewhat denser in the 
evening with a brilliant display at night. Most bombs were falling on the 
Zapicho side, frequently covering one fourth of cone. A few bombs were 
falling a short distance beyond base of cone; marked glow on clouds 
above the crater. 

Day Light-gray eruption cloud throughout the day. 

Night Magnificent display with both vents active. Bombs falling on Zapicho 
side from central vent and on the southwest slope from the west vent. 
Occasional very strong, sharp explosions (similar to those of the first few 
months). 


Activity at Central Crater 


During the morning there was little activity at central crater. About 2:00 p.m. 
violent eruptions began with many bombs falling on the southwest slope. A number 
of bombs fell as much asa quarter of a mile beyond the base of cone. The eruption was 
accompanied by a heavy, black gas column, but there was surprisingly little noise 
associated with the eruptions. About midnight there was a very brilliant display 
which continued until about 4:00 a.m. Three vents in the crater appeared to be 
active. Earthquakes were frequent, but they were felt only by a person lying down 
(at Upper Casita). 

Similar to preceding day—very dense, heavy, black eruption cloud with many bombs 
falling to the southwest. (Could not reach boca because of the bombs falling on 
that side). 

Activity much like preceding day. Some bombs were falling along trail near Cone- 
huata shelter cabin. About half an inch of ash fell at San Juan during the morning 
and early afternoon. 


Eruption cloud of average density with infrequent explosions and few bombs. 
Very light eruption cloud, no bombs, but frequent explosions. 
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Summer, 1945 
August 23 


August 24 
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August 15 
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August 24-31 
September 1 
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F. M. BULLARD—STUDIES ON PAR{CUTIN VOLCANO, MEXICO 


Activity at Central Crater 

During the morning, eruption cloud was very light, steamlike, with occasional ye 
lowish tones. Later in the day it became darker and appeared to have considerable 
ash. However, eruption cloud was not constant and at times was absent entirely, 
On a trip around the west and south sides of the cone only two bombs fell nearby. 
Light eruption cloud during most of the day. About the middle of the afternom 
heavy cannonlike explosions occurred which were sufficiently strong to rattle the 
doors at the Lower Casita. While the interval was not constant, these heavy er. 
plosions were spaced from half to an hour apart. This type of activity continued 
during the night and into the following day. Some ash fell at the Lower Casita. 
Fairly heavy, grayish to light-brown eruption cloud. A little ash still falling at the 
Lower Casita. A few cannonlike explosions during the morning. 


NOTES ON LAVA ACTIVITY 


Boca developed near base of Zapicho. 

mong in front (south) of Casita began to fill about 4:00 p.m. and filled during the 
night 

Boca developed near southeast side of Casita crater (about 4:00 p.m.), and a stream 
of lava 50 feet wide flowed along the east margin of the filled crater, moving 5 feet per 
minute. Molten material began to appear in the cracks of the Casita crater lava 
(which had appeared cooled and no “‘red spots” were visible the night before) and 
squeezed out along the margin, developing small marginal flows. The level of the 
lava gradually raised. 

Boca which was quite active as late as 11:00 p.m. the night before was cold when 
observed in the morning. Movement along marginal flows still active. Pri 
boca near the base of Zapicho (about 25 feet wide) was flowing at the rate of 15 feet 
per minute. This is at least one source of the Casita lava. Lava in the Casita crater 
(because of uplifting of surface) reached the rim, and at 10:00 p.m. began to overflow 
a low point on the northeast side. 

Lava cascade developed at low point on Casita crater rim and lava flowed to north 
into basin formed by Casita crater and margin of the 1943 lava. The lava flow, 
which was about 150 feet east of the Casita, was 20 feet wide and 8 feet deep and was 
moving 6 feet per minute. 

Lava cascade continued with no decrease in velocity. 

Lava movement had slowed to 4 feet per minute as the basin (into which it was 
discharging) filled. Depth of stream increased to about 10 feet. 

Lava continues to flow into depression at a slowly declining rate. 

Lava front reached a point 100 yards south of old Campamento (original site). It 
does not appear to be advancing, although there are two active tongues. 

Small marginal tongues continue to be active, although the front as a whole is sta- 
tionary. Lava around southeast base of cone, from the hornitos to Zapicho, was red 
hot in cracks, and there was evidence of recent activity. This flow was cold on 
August 19. 

Small tongues still active near Old Campamento. Red glow S.E. of Zapicho indicates 
active lava front in that area. 

New boca developed about noon, directly east of Casita. Lava flowed north between 
Nov.—Dec. ’43 flow and San Juan flow of January, 1944. Lava front at 5:00 p.m. was 
half a mile from source and about 200 yards wide. Small active lava channel near 
Zapicho. 

New flow (September 4) advancing on all fronts. Rate of advance of most rapid 
tongue, 10 feet per hour. 

September 4 lava reaches end of Campamento lava—so two flows moving in opposite 
directions actually come together. Movement still active on all fronts—most active 
tongues moving about 7 feet per hour. The thickness at the margin is from 10 t 
15 feet. The movement at the boca (at the actual fissure) was 3 feet per minute. 
Campamento (August) flow active only in two small tongues. September 4 flow 
about stabilized at margin but hundreds of lateral tongues are developing. At lowest 
point of flow, the most active lobe was moving 4 feet per hour (same one as no 
previously). 
Movement of lava limited to activity of marginal tongues. The front as a wholeis 
stationary, but some of the lateral tongues are quite active. One of these tongues 
was observed (September 12) to move 10 feet per hour. 
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Summer, 1945 Activity at Central Crater 

13 Lateral tongues continue to be active—one moved 50 feet in 24 hours. Red glow to 
ed of Casita, probably at east margin of San Juan flow, has been observed for 3 
nights. 

14 Lava seems hotter, and more marginal tongues are developing. One small marginal 
tongue flowed 10 feet in 30 minutes. ; 

15-22 September 4 flow moved about 200 feet at the lowest lobe. Some movement, aver- 
ageing about 25 feet, has occurred on all margins. 
September 23 Lava flow of September 4 still warm but no “red spots” visible at night. 

24 Red glow to east of Zapicho indicates fresh lava (this was not present the night before). 

25 Same red glow to east and north of Zapicho. 

26 First red glow attributed to a new boca observed during the evening. 

27 ‘Brilliant red glow behind and slightly to the right (facing cone from the Casita) 
proves that a large boca is active. 

28 Lava front advancing towards Parfcutin village and by noon had reached a point 
= west of the cone. Lowest lobe of flow was 15 feet thick and moving 60 feet 
per hour. 

29 Lava crossed main E.-W. street in Parfcutin village at 5:00 p.m. Rate of advance 
varied from 20 to 40 feet per hour on most active lobes. 


REFERENCES CITED 


Bullard, Fred M. (1944) Paricutin, Mexico’s newest volcano, Southwest Rev. vol. 29, p. 497-506. 

Flores, T., et af, (1945) El Paricutin, estudios volcanologicos, Inst. Geol., Mexico, 156 pages (in Spanish). 

Graton, L. C. (1945) The genetic significance of Paricutin, Am. Geophys. Union, Tr., vol. 26, no. 11, 
p. 249-254. 

Green, James A. (1944) Paricutin, the cornfield that grew a volcano, Nat. Geog. Mag., vol. 85, p. 129-164 
(Feb.). 

Hobbs, W. H. (1944) New volcanoes and a new mountain range, Science, vol. 99, p. 287-290. 

Ordofiez, Ezequiel, (1943a) The new volcano of Paricutin, Inter-Am. Intellectual Interchange, Inst. 

Latin Am. Stud., Univ. Texas, p. 62-78. 

(1943b) El volcan de Paricutin, Irrigacion en Mexico, vol. 24, no. 4, p. 5-36 (in Spanish). 

(1945) El volcan de Paricutin, Comisién Impulsora y Cooordinadora de la Investigaci6n 

Cientffica de México, 138 pages (In Spanish). 

Pough, Fred (1943) Paritcutin is born, Nat. Hist., vol. 53, p. 134-142 (Oct.). 

Trask, Parker D. (1943) The Mexican volcano Paricutin, Science, vol. 98, p. 501-505. 

White, Donald E. (1944) Partcutin’s cyclic activity, Am. Geophys. Union, Tr., p. 621-628. 

Whitcroft, H. T. (1945) The bathymetry of the Central American Region, West Coast of Mexico and 
Northern Central America, Am. Geophys. Union, Tr. 1944, pt. IV, p. 606-608. 

Williams, Howel (1945) Geologic setting of Partcutin volcano, Am. Geophys. Union, Tr., vol. 26, 
no. 11, p. 255-256. 


Umversity or Texas, Austin, TEXAS 
Manuscript RECEIVED BY THE SECRETARY OF THE SOctETY, May 27, 1946. 
Project GRANT 443-44 


old when 
Primary : 
of 15 feet 
ita crater : 
overflow 
to north | 
va flow, 
and was 
h it was 
ite). It 
le is sta- 

was red 

cold on 

ndicates 
between 
).m. Was 
nel near 
st rapid 
»pposite 
t active 
nm 10 to 

minute. 
4 flow 
t lowest 
s noted 
vhole is 
tongues 


: 
3 
‘ 
4 


“ 
j 
2 
= 


43°30 


BULL. GEOL. SOC. AM., VOL. 58 


R.24 E. 


AMIN 


ade x. 
* Fag A 


fre ELLA 
ae, 


GEOLOGIC MAP OF A PART OF THE LAVA CREEK 1] 


R.2S5E 
| 
Bag 
COGS 
+ + + + + + + 
R.24 E. R.25 E. 


R.2S5 E. 


+ 


113°30’ 


204 


* 
+ 
y, 
+ + + + + + 
+ ¢ 
+ + + + + + 
& 
+ + + + 
43° 
R.25 E. 113°30° 
és 


A CREEK DISTRICT 


ANDERSON, PL. 1 


EXPLANATION 
dat: 


QUATERNARY 


Silicified rock 


“we 
TERTIARY 


: 


Milligen formation 


3 
} 

Snake River basalt 


E 
Intro 
2 
A 
St 
= 
4 
Referen 
3 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 58, PP. 451-482, 4 PLS., 5 FIGS. MAY 1947 


EPITHERMAL MINERALIZATION AT THE LAST CHANCE AND 
HORNSILVER MINES, LAVA CREEK DISTRICT, 
BUTTE COUNTY, IDAHO 


BY ALFRED L. ANDERSON 


CONTENTS 
Page 
Pre-Challis (late Mesonoic) deformation... 457 
Post-Challis (early Miocene) deformation................ ah 457 

451 


i 
{ 
. 
q 


452 A. L. ANDERSON—LAST CHANCE AND HORNSILVER MINES, IDAHO 


ILLUSTRATIONS 

Figure Page 
1. Index map showing location of the Lava Creek district, Butte County, Idaho............. 453 
2. Map showing the distribution of lodes cut by the Moran tunnel.....................205, 458 
3. Tracing from photomicrographs of sphalerite-wurtzite grain. .................60000005. 461 
4. Tracing from photomicrographs of zinc sulfide globule... 461 
5. Longitudinal section along the Last Chance ore 47 
Plate Facing page 
1. Geologic map of a part of the Lava Creek district, Butte County, Idaho............. 451 
2. Photomicrographs of polished sections showing relationships of pyrite and marcasite....... 480 

3. Photomicrographs of thin sections of chalcedonized and alunized andesite and of sphalerite- 


4. Photomicrographs of polished sections showing relationships of late-assemblage sulfosalts... 48) 


ABSTRACT 


The epithermal deposits in the Lava Creek district are confined to a zone of struc. 
tural weakness in Tertiary volcanics which facilitated intrusion of Miocene magma 
and circulation of ore-bearing solutions. After widespread sericitization, chalce 
donization, pyritization, and local alunitization had initiated the first of two main 
stages of mineralization, pyrite, marcasite, sphalerite, wurtzite, galena, and chalce- 
dony were deposited from solutions whose flow was controlled by minor structural 
adjustments at the source and along the channelways. Following a more marked 
structural reopening a second assemblage consisting of minor and variable amounts 
of quartz, barite, pyrite, stannite, tetrahedrite, famatinite, enargite, klaprothite, 
chalcopyrite, aikinite, and dickite were added. Lack of equal permeability of frac- 
ture zones during mineralization resulted in considerable variation in substance of 
individual lodes. Those of present commercial interest contain a notable concentra- 
tion of lead and zinc sulfides. 

Characteristics of the mineralization indicate that the early solutions were alkalic 
and moderately hot, but with the formation of alunite they became and remained 
acidic and mostly below 135°C. Intimate associations of pyrite-marcasite and sphal- 
erite-wurtzite afford evidence of a delicate balance between temperature and acidity 
changes with some fluctuations of one or the other and a gradual rise in temperature 
at the close of the stage. Colloform structures in the iron and zinc sulfides suggest 
colloidal phenomena. Solutions remained acidic during the second stage of deposi- 
tion but had a higher temperature than during the earlier stage. 


INTRODUCTION 


The Last Chance and Hornsilver mines—of particular interest because of the inti- 
mate association of pyrite and marcasite and of sphalerite and wurtzite and because 
of the presence of complex sulfosalts including rare sulfantimonites, sulfobismuthites, 
and sulfostannates—are in the northeastern part of the Lava Creek district in Butte 
County, Idaho. They are near the center of the epithermal base-metal mineraliz- 
tion on upper Champagne Creek and lie in secs. 14 and 15, T.3N., R.24E., Boise 
meridian, in the treeless foothills of the Pioneer Mountains about 34 miles from the 
Snake River Plain or about 6 miles from the northern boundary of the Craters of the 
Moon National Monument (Fig. 1). They are within easy reach of Arco, the county 
seat and nearest rail point, 20 miles to the east. 

These mines are among those examined by Umpleby (1917) during an early recon 
naissance study of the Lava Creek district. At that time, however, both mines wert 
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inactive, and most of the published data are on‘the St. Louis mine westward across 
Champagne Creek from the Last Chance mine. Since then the writer (Anderson, 
1929) made a more detailed study of the district, but little was written on the Last 
Chance mine because development then under way had not fully exposed the lead- 


Ficure 1.—Index map showing location of the Lava Creek district, Butte County, Idaho 


zinc ore body which has been the source of the recent mine production. During the 
depression years of the 1930’s the mines were idle and inaccessible, but in 1943 the 
Last Chance mine was reopened, and the lead-zinc ore shoot was brought into pro- 
duction. During July and August 1944, the deposits were restudied for the Idaho 
Bureau of Mines and Geology; the Last Chance mine was re-examined and mapped in 
detail, and a new revised surface map was made of part of the district. The present 
teport is based principally on the findings of the 1944 study. 

Both mines were worked in the 1880’s for surficially enriched silver ores with most of 
the production then from the Hornsilver mine. Recent production has come from 
the lead-zinc ores at the Last Chance mine which from July 1, 1943, to December 1, 
1945, produced 1,174,506 pounds of lead, 2,007,769 pounds of zinc, and about 31,000 
ounces of silver. 

Not only is the mineralogy at these mines of unusual interest but the associations 
of the minerals are also such as to offer some insight into the character of ore-bearing 
solutions and the mechanics of ore deposition. Conditions suggest deposition from 
acidic solutions (in part colloidal) at rather low temperatures, partly on a descending 
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and partly on an ascending thermal scale. They also indicate a delicate balang 
between deposition and temperature and acidity changes. 


GEOLOGIC SETTING 


GENERAL STATEMENT 


The rocks in the district constitute a basement of Upper Mississippian strat 
(Brazer limestone above, Milligen formation below), a blanket of Challis volcanic 
(flows and pyroclastics of Oligocene age), intrusive masses of porphyritic rock (lower 
Miocene), flows of Snake River basalt (Pleistocene and Recent), and patches of allu- 
vium (Quaternary). The Paleozoic rocks, exposed where the volcanic rocks haye 
been stripped by erosion, show evidence of rather marked structural disturbance; 
they are strongly folded and faulted, whereas the volcanics above have been gently 
warped but considerably faulted. Dikes and small stocks pierce the basement rocks 
and enter the overlying volcanics, which also contain the ore deposits. As the district 
is on the flanks of the Snake River downwarp (Kirkham, 1931), the lower part has 
been flooded by flows of Snake River basalt, some of which have poured from vents 
high on the flanks of the mountains. 

In the earlier report (Anderson, 1929) the Brazer limestone and the Milligen forma. 
tion were mapped as a single unit, but the two are now differentiated. Subdivisionof 
the Challis volcanics into individual units was not attempted, but a part of the rock 
previously mapped as surface volcanics was found to be intrusive. 


UPPER MISSISSIPPIAN STRATA 


Milligen formation.—The Milligen formation is most widespread in the northeast 
part of the district (Pl. 1); it forms much of the high ridge country east of Champagne 
Creek and apparently much of the basement rock beneath the Challis volcanics along 
and west of the creek. The formation also outcrops in the lower Lava Creek drain- 
age, particularly on the lower slope southwest of Martin and again at the base ofa 
steep slope a short distance north of the main bend of Lava Creek. 

The Milligen formation, originaJly named and mapped in the Wood River region 
(Umpleby, Westgate, and Ross, 1930, p. 24-29) and there dominantly argillaceous, 
is here more arenaceous and somewhat calcareous. It is composed locally of seven 
thousand feet of gray and buff sandstone and quartzite and gray and black shale with 
some intercalated beds of gray and blue limestone and conglomerate (Anderson, 192, 
p. 9-10). Black carbonaceous shale well up in the formation is abundantly fossil- 
ferous and like some of the limestone carries a Brazer fauna. Except for a few of the 
quartzite beds, the formation is not very resistant to weathering and lacks goo 
surface exposures. 

Brazer limestone-—The Brazer limestone is almost as widespread as the Milligen 
formation. It is well exposed over a considerable area in the northeast part of the 
district and over a much larger area in the western part (PI. 1). 

Most of the Brazer limestone is characteristically light gray, massive, and crops! 
conspicuously in contrast to the underlying Milligen formation. Although muchofthe 


lime 
ules 
of 
the 
T 
to tl 
in tl 
tribt 
rock 
an 
the I 
the1 
TI 
valle 
appa 
some 
Ne 
tingu 
and | 
black 
on th 
uncol 
Rath 
1929, 
Th 
faint 
at lea 
to 
: of an 
place 
sively 
Gen 
| Creek 
; to sev 
granit 
(Ande 


balance 


in strata 
volcanics 
ck (lower 
s of allu- 
cks have 
urbance; 
gently 
ent rocks 
e district 
part has 
om vents 


forma- 
ivision of 


the rock 


northeast 
ampagne 
rics along 
ek drain- 
base of a 


er region 
illaceous, 
of several 
hale with 
on, 1929, 
ly fossil 
ew of the 
cks oo 


Milligen 
art of the 


crops oul 
uch of the 


GEOLOGIC SETTING 455 


limestone is thick-bedded, some is thin-bedded and more or less shaly, and some con- 
tains shaly and sandy partings. The limestone generally has conspicuous chert nod- 
wes and lenses, and in places it has cup corals. Certain beds are abundantly fossilif- 
erous and yield a rich Brazer fauna (Anderson, 1929, p. 11-12). More than 800 feet 
of the limestone resting directly on Milligen sandstone is exposed in the district, but 
the top has been eroded, and whether the limestone is as thick as it is farther east and 
north (several thousand feet) is not known. 


CHALLIS VOLCANICS (OLIGOCENE) 


The volcanic rocks earlier designated as Tertiary (Anderson, 1929, p. 14-20) belong 
to the Challis volcanics (Oligocene), so named because of their widespread occurrence 
in the vicinity of Challis, Idaho (Ross, 1934b, p. 46). These rocks are widely dis- 
tributed in and adjacent to the Lava Creek district and form much of the exposed 
rock along Champagne Creek and Lava Creek (Pl. 1). There they are remnants of 
an old valley fill which escaped the erosion that stripped the volcanic blanket from 
the higher slopes. The old valley fill extends both north and south of the district; to 
the north it becomes part of an extensive cover. 

The volcanics are composed of flows and tuffs; the flows comprise much oi the old 
valley fill in the southern part of the district, the tuff much of the fill in the northern 
part. The exact relations between the flows and tuffs are still in doubt, but flows 
apparently lie beneath, within, and above the tuffaceous beds, which locally measure 
some hundreds of feet thick. 

Near the Last Chance and Hornsilver mines the flows are andesitic; they are dis- 
tinguished as augite andesites, hypersthene andesites, augite-hornblende andesites, 
and hornblende andesites. In each case the rock is dark. gray, brownish gray, or 
black. There is also a flow of pinkish rhyolite which in places forms remnant caps 
on the andesites and which may be separated from the rock below by an erosional 
unconformity. South of Lava Creek the flows also include much quartz latite. 
Rather complete petrographic descriptions of these rocks have been given (Anderson, 
1929, p. 16-20). 

The tuffaceous beds west and north of the Last Chance and Hornsilver mines show 
faint to pronounced stratification and in places contain rounded pebbles, indicating 
at least in part water deposition. In contrast with the flows the tuffs are usually gray 
to buff and have light, easily distinguishable outcrops. Much of the rock is composed 
of angular feldspar grains and crystals and altered mafites, cemented, as well as re- 
placed, by quartz, calcite, and chalcedony. In mineralized areas the tuffs are exten- 
sively sericitized. 


MIOCENE INTRUSIVE ROCKS 


General statement.—The intrusive rocks are not so widespread in the Champagne 
Creek area as they are west and south of the map borders (Pl.1). They are restricted 
to several bodies each of granite porphyry and quartz monzonite porphyry; the pink 
granite, which distinguishes much of the intrusive rock in the Lava Creek district 
(Anderson, 1929, p. 22-24), lies just off the edge of the present map. 
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Granite porphyry.—The largest body of granite porphyry lies between Champagne 
Creek and Lava Creek. It is about 4 miles long and from an eighth of a mile to 4 
miles wide. It is very irregular in outline, apparently because it has barely bem 
exposed by erosion and still retains flanking and roof caps of the overlying volcanics, 
The flanking caps dip away from the body, suggesting that the intruding 
magma arched the overlying rocks. Another granite porphyry body extends inty 
the area from the south. It is alined with the one between Champagne and Lay 
creeks and is probably continuous with it at depth. Several thick dikes lie near the 
main body near Champagne Creek. 

Because the main body has barely been deroofed, it shows the effects of rapid chill 
ing and is so fine-grained and stony that it is difficult to distinguish from the intruded 
volcanics. Its rock is porphyritic but contains less than 30 per cent phenocrysts, 
chiefly grayish or chalky, less commonly glassy feldspars, and lesser biotite, set ina 
groundmass, which if not too much weathered has a distinctive pinkish cast. The 
phenocrysts consist of about 10 per cent of zoned and twinned andesine, 10 per cent 
orthoclase, 5-10 per cent biotite, and occasional rounded and embayed quartz grains, 
The grains are 1 to 3 millimeters in diameter and are embedded in a highly feldspathic, 
very finely crystalline groundmass composed predominantly of tiny laths of ortho 
clase, in part held between minute grains of quartz or enclosed micropoikilitically in 
quartz. In the groundmass may also be recognized grains of apatite, zircon, mag- 
netite, and ilmenite. In the body south of Lava Creek the groundmass is not so fine- 
grained and may be resolved into micrographic orthoclase and quartz; beyond the 
mapped area where erosion has cut more deeply into the body the rock is coarser- 
grained and typically granophyric, changing to a somewhat porphyritic pinkish 
granite and granodiorite (Anderson, 1929, p. 23-24). 

Quartz monzonite porphyry.—The larger of the quartz monzonite porphyry bodies 
(1,700 feet long and up to 600 feet wide) lies in a gulch less than a mile east of the 
Hornsilver mine and is intruded partly into the volcanics and partly into the Milligen 
formation. Another much smaller body cuts the tuffaceous beds about a quarter 
of a mile north of the St. Louis mine (PI. 1). 

Although the body east of the Hornsilver mine shows little variation in composition, 
it exhibits marked textural changes; it resembles a typical ‘“‘quartz” porphyry close 
to the margin and granite in the more central part. Much of the body, however, is 
a grayish, rather coarse porphyritic rock which contains scattered crystals and grains 
of biotite, quartz, orthoclase (glassy), and rather numerous grains of dull, grayish 
andesine embedded in a finely crystalline groundmass. The biotite grains measure 
about 1 millimeter in diameter; the quartz grains, from 1 to 2 millimeters; the ande 
sine, 1 to 3 millimeters; and the glassy orthoclase crystals, 2 to 6 millimeters. The 
biotite and quartz each constitute about 8 per cent of the rock, the orthoclase about 
per cent, and the andesine about 25 per cent. All the phenocrysts are strongly cor 
roded, embayed, and penetrated by the groundmass. The groundmass is difficult to 
resolve but is apparently largely orthoclase, accompanied by some plagioclase and 
quartz. Scattered grains of zircon, magnetite, and ilmenite also occur in the rock. 
Considerable chalcedony has filtered into the rock. In the body near the St. Louis 

mine, all the minerals except the quartz and accessories are thoroughly sericitized, 
but the porphyritic texture is well preserved. 
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SNAKE RIVER BASALT (QUATERNARY) 


Much of the basalt (PI. 1) has descended from a vent high on the mountain above 
Lava Creek; it has issued near the base of a high cinder cone and, after cascading into 
Lava Creek valley and following the valley to its mouth, has spread widely over the 
Snake River Plain. A small flow of basalt also issued from a second vent on the ridge 
just north of Lava Creek, but this flow barely reached the valley of Dry Fork. Basalt 
also was extruded from a vent on the Snake River Plain about 1} miles northeast of 
the mouth of Champagne Creek valley and spread out in all directions, abutting 
against the edge of the mountains and encircling the hills (steptoes) of quartzite near 
the mountain’s edge. 

The basalt is Aa variety and has an exceedingly rough surface resulting in part from 
breakage of the crusted lava as it cascaded down the mountain slope. At the surface 
of the flow the basalt is glassy, scoriaceous; below it is largely crystalline and vesicu- 
lar. It is dark gray to grayish black. It is a normal, olivine-free basalt and is com- 
posed of sodic labradorite, augite, magnetite, and glass. Magnetite is exceptionally 
abundant and forms minute octahedrons which compose more than 10 per cent of the 
rock. 


ALLUVIUM (QUATERNARY) 


Except along the aggraded floor of Dry Fork, the alluvium is confined to lower 
valley courses blocked by flows of Snake River basalt. As a consequence of such 
damming, the Snake River Plain is fringed by alluvial] flats, which indent the adjacent 
mountains (PI. 1). 


STRUCTURE 


Pre-Challis (late Mesozoic) deformation.—During the pre-Challis disturbance the 
Paleozoic strata were overfolded toward the northeast; the older rocks within the 
mapped area formed the northeast limb of a faulted major anticline. The fault or 
faults are concealed beneath the cover of Challis volcanics along the line of the “old 
valley,” but they have caused duplication of strata, the Brazer limestone on the west 
side along Dry Fork matching that on the lower east side of Timbered Dome. The 
faulted rock apparently facilitated the carving of the deep pre-Challis valley in the 
older rocks, and, consequently, the fault or faults have been responsible for the pres- 
ervation of the belt of volcanics that now extends across the area in a northerly direc- 
tion. The faulted zone apparently also facilitated and guided the intrusion of magma 
in early Miocene time and localized the emplacement of the large body of granite por- 
phyry between Lava Creek and Champagne Creek. 

Post-Challis (early Miocene) deformation.—During the post-Challis disturbance the 
volcanics were warped into a broad anticline or elongated dome whose axis lies just 
west of the mapped area and about a mile east of the axis of the anticlinal fold in the 
Paleozoic rocks. In the Champagne Creek area, however, the northeast flank of the 
broad anticlinal arch has been faulted and intruded by granite porphyry, which 
domed the rocks above. Much faulting apparently accompanied the intrusion, and 
the fault pattern is the mosaic type (Anderson, 1929, p. 26-27). Until the volcanics 
are subdivided and the lava and tuffs treated as separate units, little can be done to 
map the faults. 
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MINERAL DEPOSITS 
CHARACTER AND DISTRIBUTION 


The deposits at the Last Chance and Hornsilver mines are fillings and replacements 
along zones of complexly faulted and fractured rock. Except at the Hornsilver mine, 
they are fundamentally base-metal deposits, but because of considerable variation in 


Ficure 2.—Map showing the distribution of lodes cut by the Moran tunnel 
Stippled areas represent zones of extensive chalcedonization 


the proportions of minerals they may be divided into several kinds based on the rela- 
tive abundance of various metals. These metals are iron, zinc, lead, copper, tin, 
bismuth, silver, and gold, but, because they are not equally distributed, the deposits 
may be classed respectively as zinc, copper, iron, lead-zinc, tin-bismuth, and silver. 

The mineralized fracture zones of present interest are limited to nine, all but three 
of which are exposed in the long Moran crosscut (Fig. 2). These are listed and their 
pertinent characteristics tabulated below. 


Name Characteristics 
erable barite. 


with soluble iron and copper sulfates. 
Sma]! shipments of copper ore; identity of 
primary copper minerals not learned. 


ar an Some iron sulfides, but contains tin and bis- 
muth sulfosalts with barite. 
Contains the present commercially lead- 
| zinc ore body. 
Unnamed lode east of Last Chance........... Inaccessible but reported to contain some 
. silver and copper. 
Unnamed lode south of Moran crosscut....... Heavy gossan; massive iron sulfides below. 
On continuation of Last Chance fracture 


zone but valued only for silver. 
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STRUCTURAL RELATIONS 


The deposits at the Last Chance and Hornsilver mines are contained in thick ande- 
sitic flows some distance out on the northeast flank of the broad arch of Challis vol- 
canics. The light-colored tuffaceous beds, so widespread in the vicinity of the mines 
and which locally make up a larger part of the volcanics than the flows, are exposed 
for only a short distance in the Moran tunnel. They are also exposed in the under- 
ground workings at the Hornsilver mine, but in neither mine do they contain ore at 
the levels now open to inspection. 

The rocks locally are broken by many faults, most of which are small. Many of 
the faults are actually zones of complexly fractured rock in which the more prominent 
fractures parallel and direct the fracture zone and the less prominent extend more or 
less obliquely across. The fracture zones strike N.20°E. to N.50°E. and dip about 
vertically, locally varying from steeply northwest to steeply southeast. Apparently 
all fault zones were formed prior to mineralization. 


MINERALOGY 


General statement.—The considerable variation in the makeup of the lodes results 
partly from the presence of two mineral assemblages of different ages. The earlier 
assemblage is distinguished by a base-metal association, principally sulfides of iron 
but locally also of lead and zinc; and the later assemblage by an association of barite 
and sulfosalts including stannite and various sulfobismuthites and sulfantimonites, 
some of which are rare. 

Early assemblage-—The minerals of the early assemblage are sericite, chalcedony, 
alunite, pyrite, marcasite, sphalerite, wurtzite, and galena. Although the assemblage 
appears to be a simple one, the intimate associations of pyrite and marcasite and of 
sphalerite and wurtzite and the recurrence of these and other minerals throughout 
the depositional stage indicate a complicated origin and sequence of formation. 


SericiTE: The sericite is generally not intimately associated with the ore but is confined to a 
broad zone of bleached andesite encasing each lode. In contrast to the original dark-gray to black 
color, the bleached andesite is light gray or white and conspicuously porphyritic; the phenocrysts 
stand out much more prominently than in the unbleached rock. As the bleached zones extend 
outward for many feet from the lodes, the sericite is one of the most abundant minerals associated 
with the deposits. 

The sericite tends to form fine-grained aggregates which preserve the outlines of the original 
minerals. Where the bleached rock has not been invaded by chalcedony, it is almost entirely 
sericite. Where chalcedony is also present, the sericite disappears or is present only as scattered 
grain and patch inclusions. 

Cuatcepony: Chalcedony is widespread and is found in and along nearly all lodes; in some it is 
the most abundant mineral. Some of it is more or Jess intimately associated with the ore minerals, 
but much, like the sericite, has penetrated the bordering walls and has produced broad zones of chal- 
cedonized rock as much as 30 feet wide. Widespread chalcedonization is particularly characteristic 
of the Spar, Copper, and Hornsilver lodes, but little or no chalcedony was introduced into the walls 
of the other lodes. 

Although the chalcedony that entered the walls tended to replace sericite in the andesite, the out- 
lines of the phenocrysts remained. The chalcedony associated with the ore is also largely a replace- 
ment of included fragments of andesite, but some of the chalcedony fills fractures. Much of the 
chalcedony is dark grayish, owing to minute, widely disseminated grains of pyrite. 
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The chalcedony is in two forms. That which permeated and replaced the andesite has a fing. 
grained aggregate structure (PI. 3, figs. 1, 2), but that which has filled openings forms radial aggn. 
gates, distinctly spherulitic and flamboyant and commonly showing the spherulitic cross betwee 
crossed nicols. 

Most of the chalcedony has been penetrated and replaced by sulfides, but a minor amount has filled 
fractures in the pyrite and marcasite and in still younger sphalerite and wurtzite, and some has bee 
deposited in later veinlets intimately interlocked with grains of galena. The radial and flamboyant 
chalcedony was later still and filled small openings and clefts in the ore after all sulfides of the bag. 
metal assemblage had been deposited. Altogether there appear to have been five stages of chal 
dony deposition during the formation of the early mineral assemblage. The chalcedony initiated and 
ended the sulfide deposition, and it apparently shows a more extended range of deposition than any 
other mineral. 

ALUNITE: Alunite [K2Ale(OH)12(SO,)4] has been recognized only in ore collected at the Hornsilver 
mine where it imparts a dull, somewhat earthy appearance to some of the chalcedonized country rock. 
It is apparently neither abundant nor widespread. In thin section (PI. 3, fig. 3) it appears as small 
tabular crystals or blades penetrating and embedding the chalcedony, particularly along irregular and 
ill-defined zones or veinlets in or along which the chalcedony has been rather heavily pyritized. As 
shown in figure 3 of Plate 3 tabular crystals of alunite and remnants of tabular crystals are engulfed in 
the pyrite. 

PyriTE-MARCASITE: Pyrite and marcasite are so intimately associated they are discussed together, 
They commonly compose the same grains, and it is difficult or impossible to distinguish them, except 
in polished sections. In general the pyrite seems to be much more abundant, but in some lodes the 
very rapid oxidation of the iron sulfides suggests that locally marcasite may predominate. In such 
places the sulfides are deeply coated with crystals and crusts of iron sulfates, and specimens of the 
freshly collected sulfides quickly distintegrate with release of considerable sulphuric acid. The pyrite 
and marcasite are the predominant sulfides in all but the Last Chance and Zinc lodes, and they ap 
parently are the only sulfides in the Iron and Spar lodes. 

Based on grain size and structures, the iron sulfides are divisible into two groups: (1) relatively 
large grains composed of mixtures of pyrite and marcasite; (2) grains of microscopic size, composed 
entirely of pyrite. The larger grains average about half an inch in diameter and stand out co- 
spicuously in the ore. These grains are globular or semiglobular, and where they are » 
closely spaced as to be joined together they form botryoidal masses. These globular forms impreg- 
nate the sericitized or chalcedonized andesite and also form discontinuous crusts on fragments in rock 
breccias. When broken these colloform masses show a prominent radiating fibrous structure (Pl. 
2, figs. 1, 2), in some places with the development of concentric shells. 

Some of the globular and concentric bodies are entirely fibrous pyrite, but most of them are com- 
posed of both pyrite and marcasite. Commonly, small lathlike grains of marcasite form a narrov 
concentric layer near the outer border of the globular body, enclosing a core of fibrous pyrite and in 
turn encased with a sheath of fibrous pyrite (Pl. 2, fig. 2). More massive marcasite occurs toward the 
base of the globular body (PI. 2, fig. 3); less commonly, it occurs along the borders of chalcedony 
veinlets in the pyrite or rims the fibrous pyritic globules. More rarely it forms grains pressed against 
the fibrous pyrite or interlocked with pyrite. All of this suggests that some of the marcasite was de- 
posited with the pyrite, and that the remainder was formed later. The later marcasite has also been 
found in veinlets cutting zinc sulfides which had previously filled fractures in broken pyritic globules. 

The globular bodies in general tend to remain intact, except for cracks which are filled with chal 
cedony (Pl. 2, figs. 2, 3) or with zinc sulfides. Some have been broken or brecciated by movement 
and cemented also by chalcedony or by sphalerite and wurtzite (PI. 2, fig. 4). 

The pyrite composing the globules or otherwise associated with marcasite is anisotropic, but it 
polarization colors are weak and in no way resemble those of marcasite, which are vivid. Apparently 
weakly anisotropic pyrite is not uncommon in the ores. 

The microscopic grains of pyrite exhibit no special or constant forms. Some, as shown in figures 
of Plate 2, have a somewhat ringlike outline, suggesting initial globular development; some are oval 
shaped; and some tend toward cubic and pyritohedral development. The forms apparently reflet 
primary deposition and not any subsequent reshaping by replacement. Much of the microscopit 
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pyrite is disseminated through the chalcedonized andesite (PI. 3, fig. 1), but some of it forms granular 
aggregates, some of which are nuclei for the globular and semiglobular bodies of pyrite and marcasite. 
Minor amounts of finely crystalline pyrite also form veinlets in fractured sphalerite and wurtzite (PI. 
2, fig. 6), accompanied in some places by chalcedony and in other places by chalcedony and galena. 
The various pyritic associations suggest that pyrite may have been deposited as many as four times 
during the base-metal stage and that the marcasite formed twice. 


Ficure 3.—Tracing from photomicrographs of sphalerite-wurtzite grain 


bre nw and which is wurtzite. Between crossed 
part mostly wurtzite (W). Mag. 42x. 


A 
Ficure 4.—Tracing from photomicrographs of zinc sulfide globule 


In plane polarized light (A), and between crossed nicols (B). 
. In plane polarized light the globule appears to be the same mineral throughout; between crossed nicols the basal part 
is mostly wurtzite (W), the outer part sphalerite (S).Mag. 


SPHALERITE-WURTZITE: Sphalerite and wurtzite are also so intimately associated that they can be 
discussed together. They usually share the same grains and cannot be differentiated, except in thin 
sections with crossed nicols. Study of many such sections suggests that the proportions of the two 
minerals may vary, but in general the wurtzite tends to be somewhat more abundant. These two 
sulfides and galena are the most abundant minerals in the Last Chance lode; the two are the most 
abundant minerals in the Zinc lode. Except for widely scattered grains in some of the Hornsilver ore, 
they are not known in any of the other lodes. 
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The zinc sulfides are conspicuous; they appear as vivid orange-red to brownish-red and yellowig 
to greenish-yellow and brownish-yellow grains and masses. The reddish shades usually distinguis, 
the larger grains and masses, the yellowish shades the smaller grains. In places the sulfides have bee 
deposited as a mesh of loosely joined grains, in other places as crusts on fragmented chalcedonizej 
andesite and iron sulfides, and in still other places as veinlets and masses in the chalcedonized roc. 
Crusts are discontinuous, generally not more than an inch thick nor more than a few inches long, and 
veinlets are short and irregular. Considerable ore is made up of grains or porous granular aggregates 
and has a decided spongy texture. 

The crusts and larger grains (some of which are globular) have a coarse-bladed, rarely fibrous 
structure with radial development and surfaces coated with tiny crystals. Most of the crusts and 
grains are composed of the reddish sulfides and are mixtures of sphalerite and wurtzite, in part in cor- 
centric shells. The smaller grains individually and in the granular aggregates have ovoid outline 
and are composed largely of the yellowish sulfide, mostly wurtzite. Either of the yellowish or reddish 
sulfides may appear as tiny crystals, forming thin drusy coatings. 

Although some of the smallest grains are entirely wurtzite, most grains are mixtures of sphalerite 
and wurtzite; the wurtzite generally forms the outer part (Fig. 3). If the grains are relatively large, 
the wurtzite is likely to appear as a thin mantle penetrating unevenly into the sphalerite; if small, the 
wurtzite may compose much of the grain holding the sphalerite as a core. The wurtzite mantles may 
be whole or partial; if partial the wurtzite may extend into one side of the grain, or the grains may 
appear as twinned crystals, wurtzite forming one part, sphalerite the other. In some grains wurtzite 
may appear as patches within the sphalerite grains showing little, if any, connection with the surface 
of the grain (Fig. 4), or the two minerals may be complexly intergrown (PI. 3, figs. 4, 5, 6). In the 
radial bladed type the two minerals are also complexly interlocked, but they may show rimming and 
veining relations as well. 

Crusts with concentric structure and repeated banding are comparatively rare. One that was 
examined critically was found to be composed of (1) a basal layer of sphalerite penetrated on the 
underside by wurtzite; (2) a second layer of deep reddish-brown sphalerite; (3) a third layer of light- 
colored interlocking grains of wurtzite merging upward with deep-red sphalerite; (4) the reddish layer 
of sphalerite containing radially developed needles of wurtzite; (5) a layer composed of fibrous wurt- 
zite in divergent groups; and (6) a thick outer layer of aggregates of interlocked sphalerite and wurt- 
zite, showing a porous structure. 

Wurtzite and sphalerite show other relations that indicate a complicated development. In some 
grains and bladed aggregates the wurtzite occurs as narrow seams along fractures and partings in the 
sphalerite, and in some of the granular aggregates it occurs along contacts of sphalerite grains. In 
some places the seams separating sphalerite grains and masses are composed of coarse aggregates of 
intimately interlocked sphalerite and wurtzite. Some of these coarse aggregates are bordered by 
finely granular wurtzite, which also extends into the coarse admixture. These coarse admixtures may 
also be cut by narrow seams of sphalerite. 

In their relations to other minerals the sphalerite and wurtzite show no exceptional features. 
Grains penetrate, and seams cut the chalcedonized andesite; masses encrust and fill fractures in the 
fibrous pyritic globules (Pl. 2, fig. 4) and hold corroded remnants of the smaller and older pyrite 
grains (Pl. 2, fig. 5). Some sphalerite-wurtzite grains have been broken and then cemented by vein- 
lets of pyrite and galena (Fig. 2, fig. 6) or by chalcedony and pyrite. In the presence of galena the 
proportion of wurtzite to sphalerite increases very materially; wurtzite is most abundant along the 
galena and chalcedony veinlets. Where the sphalerite and wurtzite form loosely meshed grains, they 
may be cemented or partly cemented by galena. The more compacted masses may he encrusted by 
galena. Locally, galena may in turn be partly covered by wurtzite. 

Gatena: The galena is known only from the Last Chance and Hornsilver lodes. In the Last 
Chance, it is persistently though not uniformly distributed throughout the ore shoot; in the Hom 
silver it is confined to widely scattered grains. 

The galena apparently entered the more porous parts of the Last Chance lode and tends to form 
crystalline crusts lining openings and infiltered grains in the porous sphalerite-wurtzite aggregate. 
It is also distributed in small irregular bunches and veinlets and short discontinuous seams in the more 
massive ore. The galena is fine-grained, and drusy crusts are composed of tiny crystals on which 
cubic-octahedral faces may be recognized. Exceptionally, the grains are rounded, like shot. 
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Study of thin and polished sections indicates that much of the galena has filtered into the poreus 
ainc sulfide aggregates, filling between and molding around grains of sphalerite-wurtzite, in places 
forming a ringlike structure. Some galena, however, has filled fractures in the zinc sulfides, ac- 
companied generally by pyrite, which may be held in the galena as corroded inclusions (PI. 2, fig. 6). 
Italso shows a close association with chalcedony; in some places it is separated from the zinc sulfides 


TaBLe 1.—Early assemblage mineral succession 


— — 
Sericite 
Alunite 
Marcasite 
Sphalerite 
Wurtsite - 
Galena 


by an intervening layer of chalcedony, but more generally it and the chalcedony are intricately inter- 
locked. The galena apparently molds on or fills in between the chalcedony grains. 

Very minor quantities of chalcedony and wurtzite have been found as coatings on galena, but other- 
wise the galena is essentially the last mineral of the base-metal assemblage to be deposited. Barite 
crystals coating the galena in the Last Chance ore belong to the later assemblage and were added after 
the base-metal stage of deposition had ended. 


MrnERAL Succession: The recurrent appearance of some of the minerals together 
with other relationships indicates a complicated depositional sequence. However, 
the minor structural movements that took place during deposition, which permitted 
later minerals to form in fractures in earlier, and the tendency for minerals to form 
layered crusts in open spaces have made it possible to establish the mineral sequence 
without undue difficulty. These same structural and textural relationships have 
also made it evident that the minerals fall into four natural groups, each virtually 
a unit in itself. These groups apparently reflect four, probably slightly separated 
stages of deposition, each marked by slight changes in compositional, thermal, and 
structural controls. Variations in volume of these solutions of inconstant composi- 
tion have been largely instrumental in fixing the compositional characteristics of 
each of the lodes. Some are built up of minerals of each stage, others only of the 
first two. 

The sequential relations of the early assemblage are shown diagrammatically in 
Table 1. During stage I the andesitic rock in and along the fracture zones was 
extensively sericitized, and then the sericitized rock was invaded by chalcedony and 
minute grains of pyrite. Widespread distribution of sericite is a feature of all 
lodes; an abundance of chalcedony is characteristic of only a few. This early stage 
may be looked upon as the stage of wall-rock alteration involving sericitization, 
silicification (chalcedonization), and pyritization. 
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The second stage, the pyrite-marcasite stage, was introduced with the deposition 
of chalcedony, more coarsely grained than that associated with stage I and commonly 
including fragments of the other. At least in one place alunite was deposited after 
the chalcedony but before the pyrite, which partly replaces it. Then came deposition 
of pyrite, first as rather small grains and granular masses, and then as the coarse 
globular grains of fibrous pyrite and intricately contained marcasite, in part developed 
around nuclei of the smaller grains and granular masses. In forming the globular 
bodies the deposition of iron sulfides began as pyrite, changed to marcasite, and 
reverted to pyrite. Marcasite which veins the pyrite apparently was introduced 
later. The pyrite-marcasite stage is recorded in all lodes; in several it is the pre 
dominant stage. 

The third stage is the sphalerite-wurtzite stage, which was initiated locally by 
deposition of chalcedony in cracks in the pyritic globules. During this stage 
sphalerite was the first zinc mineral deposited; but, before the sphalerite deposition 
had gone far, wurtzite also was deposited, apparently concurrently as interlocking 
aggregates and as rims on sphalerite. Locally deposition of the two was repeated, 
as shown by aggregates of both in veinlets cutting earlier aggregates of the same 
minerals or by successive deposition in crusts. Some wurtzite that replaces sphal- 
erite apparently is associated with the fourth stage. 

The fourth stage is the galena stage, but associated with the galena are also 
chalcedony, pyrite, marcasite, and wurtzite. As before, deposition of chalcedony 
initiated the stage, but this time its deposition apparently continued to the very 
close of the stage. Pyrite also was deposited early, locally with a little marcasite, 
but most of the marcasite was produced apparently by the alteration of pyrite of 
the second stage. With the marcasite also was produced considerable wurtzite, 
but again by alteration of sphalerite of the preceding stage (shown by veining rela- 
tionships and concentration along veinlets of fourth-stage chalcedony and galena). 
Galena closely accompanied the pyrite of this stage, but in part came late enough 
to corrode the pyrite; both minerals fill fractures in the zinc sulfides or form crusts 
on them. The sulfide deposition ended, however, with the deposition of a little 
wurtzite as a crust on the galena. 

Each of the stages shows a certain recurrence and succession of minerals; the 
only departure is the Jate appearance of wurtzite at the end of the galena deposition, 
a relation which may reflect a change in the thermal] character of the late solutions. 

Late essemblage.—The late assemblage, distinguished by the association of various 
complex sulfantimonites, sulfarsenites, sulfobismuthites, and sulfostannates of 
copper, lead, and iron, also contains barite and quartz as well as some of the more 
common sulfides. The minerals named in about the order of their formation are 
quartz, barite, pyrite, stannite, tetrahedrite, famatinite, enargite, klaprothite, 
chalcopyrite, aikinite, and dickite. This mineral assemblage has been superposed 
on the earlier assemblage, in fractures or in previously unfilled or partly filled open 
ings, and commonly holds included fragments or remnants of the early assemblage. 
The minerals of the late assemblage are not constantly associated; some lodes have 
received little except barite. 


Quartz: The quartz forms an insignificant part of the late assemblage and is not distinguishable, 
except in thin section. Like the chalcedony, it is fine-grained and has an aggregate structure, but the 
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gains are slightly larger than those of chalcedony and have noticeably higher indices of refraction, 
icularly where the quartz includes the earlier chalcedony. 

Much of the quartz appears to be associated with the barite and forms fine-grained granular ag- 
gregates as residual inclusions within the barite crystals. Locally a little appears to have coated 
barite crystals, and occasional small isolated crystals have been found within the grains and masses of 
sulfosalts. It apparently has had a fairly extended range of deposition. 

BariTE: Barite is the most abundant as well as the most widely distributed mineral of the late 
assemblage. It is particularly conspicuous in the Spar lode where it forms seams and irregu- 
lar bunches up to several inches thick cutting and penetrating a broad zone of heavily pyritized and 
chalcedonized andesite, which is dominated by colloform pyrite and marcasite. It is also the most 
conspicuous mineral in the Bismuth lode where it forms seams and stringers 1 to 2 inches thick inti- 
mately associated with the tin and bismuth minerals. In the Last Chance lode it is confined to 
scattered seams and small lens-shaped masses and crystalline crusts which have filled or partly filled 
openings left along the lode after the lead and zinc had been deposited. At the Hornsilver mine the 
barite is revealed in thin sections. 

Much of the barite forms coarse crystalline aggregates; individual crystals measure up to half an 
inch long. These crystalline aggregates fill fractures and other openings and also enclose or cement 
fragments of brecciated iron sulfides and chalcedonized andesite. Euhedral crystals projecting into 
open spaces are common. 'Barite crystals also project into the pyritized chalcedony, retaining rem- 
nants of globular pyrite. Associated sulfosalts and other late minerals in part coat and fill between 
barite crystals, but they also penetrate the barite, in places so thoroughly that only fragmentary rem- 
nants of the crystals remain. 

Pyrite: The pyrite in the assemblage is not abundant and ordinarily is visible only as microscopic 
crystals in polished sections. Unlike the pyrite of the early assemblage, it forms pyritohedral crys- 
tals, some of which have been observed as thin drusy coatings on the surface of barite crystals or as 
fillings between barite crystals. The pyrite also occurs as minute remnant grains engulfed in the 
various sulfosalts (Pl. 4, fig. 5). 

STANNITE: The stannite (CueS-FeS-SnSz2) is relatively abundant in the Bismuth lode, but it is 
decidedly subordinate to the other sulfosalts at the Hornsilver, the only other place where it has been 
recognized. It cannot be safely distinguished from the associated sulfosalts in the hand specimen, 
but it is easily identified in polished sections by its dark grayish-brown color and its pitted surface (a 
consequence of its superior hardness and resistance to polish) which sets it apart from the somewhat 
lighter-colored and more perfectly polished tetrahedrite (Pl. 4, fig. 1). It is negative to all the or- 
dinary etch reagents, except nitric acid, which stains it differentially iridescent to black. It gives 
decisive microchemical tests for copper, iron, and tin. 

The stannite is invariably intimately associated with the other sulfosalts. Its grains are generally 
irregular, may be partly mantled by tetrahedrite, and commonly are penetrated by lath-shaped 
crystals of aikinite, some of which cut completely through both the stannite and tetrahedrite grains 
(Pl. 4, figs. 1, 2). 

TETRAHEDRITE: Tetrahedrite (4Cu2S-Sb2S3) is invariably present with the other sulfosalts but 
always is subordinate. It may occur as isolated grains but more generally it lies against or partly 
Wraps around grains of stannite, or its grains are penetrated by laths of aikinite, and it then appears 
as a partial mantle on the aikinite (Pl. 4, fig. 3). Such partial mantles are obviously remnants of 
larger grains which escaped replacement. Small rounded and irregular remnants of the tetrahedrite 
are also included in the aikinite (PI. 4, fig. 4) and in the famatinite. 

FAMATINITE: Famatinite (CueS-4CuS- SbeS3), one of the more abundaht sulfosalts, composes much 
of a specimen of Hornsilver ore and appears in variable but considerable amounts in the ore of the 
Bismuth lode. It is distinguished in polished sections by its pinkish-gray color, its strong greenish- 
yellow and purplish-red polarization colors, its differentially iridescent stain by nitric acid, its dif- 
ferentially dark stain by potassium cyanide, and its lack of reaction with other chemical reagenis. It 
is further distinguished in polished sections by the presence of a delicate net of klaprothite vunlets, 
which have a pinkish cast but otherwise are light gray (PI. 4, fig. 5). 

The famatinite forms relatively large masses or granular aggregates, and these masses couunonmiy 
hold minute inclusions of pyrite and quartz (PI. 4, fig. 5) and scattered grains of stannite and tetra- 
hedrite. These masses are also penetrated by aikinite laths (Pl. 4, fig. 5), and small irregular bodies 
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of the famatinite may be remnant inclusions within the aikinite (Pl. 4, fig. 6). Locally the famatinity 
forms veinlets in the tetrahedrite and holds rounded grains as inclusions. 

EnarGITE: Enargite (CusS-4CuS-As,S;) was recognized in a single specimen of the Hornsilye 
ore; it ‘occurs as elongated grains grouped alonga small,apparently nonpersistent seam in the famat. 
inite. It is rather easy to distinguish from the famatinite by its gray color and by its greenish. 
yellow, gray, and purple polarization colors. Unlike the famatinite, it is not affected by nitric acid 
except fer a slight fume tarnish. With potassium cyanide, it stains black and develops a paralld 
structure. 

The enargite appears to cut the famatinite, but the evidence is not decisive. The only other mip. 
eral in contact with it is chalcopyrite, which occurs in it as tiny stringers or veinlets. 

The klaprothite (3CugS - 2BiS,) is relatively abundant in the Hornsilver specimens, 
but otherwise it is quite subordinate to the other sulfosalts. It does not appear to form separate 
grains but is contained in either famatinite or aikinite. The klaprothite is grayish in polished sec. 
tions, but the gray has a distinctive pinkish-brown cast. It is weakly anisotropic and shows bluish 
and reddish-brown polarization colors. It reacts more rapidly to nitric acid than does famatinite, 
turning slowly brown. It also reacts to potassium cyanide and is stained differentially iridescent, 
but the action is not so rapid nor so intense as in famatinite. Because of its intimate association with 
famatinite and aikinite, it was not possible to isolate material for microchemical tests. 

The klaprothite occurs in the famatinite as a delicate net of tiny interlacing veinlets (Pl. 4, fig 
5), some of which are large enough to hold minute, islandlike inclusions of the famatinite. Rarely it 
also forms small grains in the famatinite. In the aikinite it appears as irregular patches and grains 
sporadically distributed through the aikinite laths but showing most crowding along or close to lath 
margins (Pl. 4, fig. 6). Some of the patches suggest residua of formerly larger grains or masses en- 
gulfed in the aikinite, but some of the klaprothite along margins suggests penetration of the aikinite. 

Arxinite: Aikinite (CusS-2PbS- Bi,S;) is the most abundant as well as the most widely distributed 
sulfosalt and has been found in considerable abundance in the St. Louis mine in the gulch above the 
Last Chance (Anderson, 1940) as well as in the Bismuth, Hornsilver, and possibly in the Copper and 
Last Chance lodes. Because of its lath development, it is easily recognized in both hand specima 
and polished section ; individual laths in some cases measure a quarter of an inch long. It is white in 
reflected light and shows very strong anisotrophism and pronounced dark-gray, light-gray, violet, 
and brown polarization colors. It effervesces with nitric acid and quickly stains iridescent to black. 
It stains slightly brown with ferric chloride but it does not react with any of the other etch reagents. 
It gives microchemical tests for copper, lead, bismuth, and sulphur. 

The tendency for its laths to penetrate the other minerals is perhaps its most distinctive character. 
istic. It has the power to develop its own crystal form to a very high degree, and apparently no min- 
eral of the assemblage older than itself has been able to escape being penetrated and replaced by it. 
The laths commonly hold irregular, remnant inclusions of these other minerals (Pl. 4). 

CHALCOPYRITE: Chalcopyrite (CuFeS,) is a very scant accessory in the assemblage; it appears 
sporadically as minute, widely scattered grains and veinlets. It appears to form lobate grains 
and minor veinlets in all minerals, except aikinite, showing a special affinity for tetrahedrite, famat- 
inite, enargite, and klaprothite. It also occurs as small blebs along margins of aikinite laths, and 
larger grains have the appearance of having been partly penetrated by aikinite. Relations between 
the chalcopyrite and aikinite, however, are not altogether decisive, and chalcopyrite may possibly be 
both older and younger than aikinite. In the St. Louis ore the chalcopyrite is younger (Anderson, 
1940, p. 530). 

Dicxtre: Dickite (Al,O;-2Si0.-2H,O) has been tentatively identified in and along the Last Chance 
and Bismuth lodes and may be present in the others. Itisnotabundant. In the Last Chance lode 
it is confined to rather widely scattered thin seams cutting the ore and to thin patches on the surface 
of the barite and the ore minerals. When freshly exposed the material is.soft, white, resembling 
lard, but on drying it resembles a hard soap. It is made up of very minute platy or flaky microscopic 
grains, essentially hexagonal in outline. The indices of refraction are somewhat higher than balsam; 
its birefringence is low. Because of the small size of the grains, other properties were not determined. 
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MINERAL Succession: Deposition of the late assemblage was apparently more 
continuous than in the early assemblage, but the fact that some lodes received only 
barite and others barite and sulfosalts suggests local resurgence of the mineral-bearing 
solutions and deposition of minerals in two or possibly three stages. Deposition 


TABLE 2.—Late assemblage mineral succession 


Stage Stage Stage 
I II III 


Quartz = 
Barite 
Pyrite 

Stannite 
Tetrahedrite | 
Famatinite 
Enargite 
Klaprothite ~ 2 
Chalcopyrite 2 
Aikinite 
Dickite 


apparently was little interrupted by structural adjustments, but mantling and 
replacement relationships make it possible to determine the mineral succession with 
considerable assurance. The mineral succession is shown in Table 2. 

The first stage may be designated the barite stage, and, except for various minerals 
inherited from the earlier filling, contains only barite and a very little quartz. As 
the quartz is contained as remnant grains and patches within the barite, it obviously 
was deposited first. All other minerals of the late assemblage were deposited on 
and between or penetrated the barite crystals, but these minerals may be regarded as 
contributions from the succeeding stage. 

The second stage (the sulfosalt stage) is the one during which most of, if not all, 
the sulfides and sulfosalts were deposited. The quartz that coats some of the barite 
crystals may have initiated this stage of deposition, but occasional small crystals 
engulfed in some of the sulfosalts indicate that its deposition continued along with 
that of the other minerals. The thin coating of pyrite crystals on the barite and 
the presence of corroded grains in the different sulfosalts indicate that the pyrite 
preceded the sulfosalts. The sulfosalt succession is fairly well established. Stannite 
began the succession, for it is partly mantled by or engulfed in the other sulfosalts; 
tetrahedrite is next as indicated by its mantling of the stannite and by the fact that 
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it is veined and penetrated (replaced idiomorphically) by the same minerals that 
mantle and engulf the stannite. Famatinite, enargite, klaprothite, and chalcopyrite 
follow in order; the enargite apparently veins the famatinite, the klaprothite veins 
the famatinite and the enargite, and the chalcopyrite veins and penetrates all three, 
The aikinite, which assumes its own lathlike crystal form to a high degree during 
replacements, cuts across all of the minerals and also contains them as small irregular, 
remnant inclusions. It is apparently the last mineral of the succession; however, 
the relations of some of the klaprothite and chalcopyrite grains along the lath margins 
suggest that they may penetrate the aikinite and therefore may be somewhat younger, 
If so the two minerals may be present in two generations, the second associated 
with a late resurgence of the mineralizing solutions. 

The third stage may be designated the dickite stage. The late (?) klaprothite 
and late (?) chalcopyrite may be members of this stage, the copper, iron, etc., having 
been dissolved from the ore at greater depth as the late solutions moved up through 
the lodes and then redeposited as constituents of klaprothite and chalcopyrite by 
replacement of the aikinite at higher levels. In any event the solutions moved 
upward through fractures and other openings in the lodes and left a filling or coating 
of dickite. The mineralization then ended. 


STRUCTURAL AND COMPOSITIONAL CHARACTERISTICS 


General description —Because the mineralizing solutions were of inconstant compo- 
sition and because recurrent structural adjustments failed to keep the different 
fracture zones equally permeable during the course of mineralization there is con- 
siderable variation of kinds and proportions of minerals in each lode. In some lodes 
the mineral deposition, perhaps because of channel plugging, did not continue 
beyond stage 2 of the base-metal stage; in others it extended into stages 3 and 4 
and even into the late barite-sulfosalt assemblage. Consequently, the lodes show 
such great variation in composition that they must be considered separately. 

Zinc lode.—The Zinc lode (Fig. 2), which was cut when the Moran tunnel was 
being driven in search of silver ore, was not explored. The zinc at that time offered 
little financial attraction. Because of heavy ground in and bordering the lode the 
crosscut was tightly timbered, and the lode was completely hidden, as it still is. 
The lode is apparently about 12 feet wide along the crosscut and like the other 
lodes seems to strike northeasterly. 

By probing behind the loose timbers in the top of the crosscut, pieces of soft 
sericitized andesite containing grains of globular pyrite and grains and small masses 
of yellowish sphalerite and wurtzite were seen. The sericitization appears to be 
very widespread; it extends beyond the ends of the timbered section. Apparently 
the only stages of deposition represented after the initial sericitization are the 
pyrite-marcasite and the sphalerite-wurtzite stages. 

Spar lode.—The Spar lode has been explored along a 110-foot drift driven northeast 
from the Moran crosscut (Fig. 2). The lode is not conspicuous near the crosscut, 
but it gains body along the drift and becomes broader than the drift is wide. It 
strikes about N.20° E. near the crosscut, but farther along the drift the strike changes 
to N.50°E., and the lode becomes more highly mineralized. The dip is nearly 


ver 

the 

cop 

T 

8 fe 
plac 
of 

min 

drif 

of t 

pyr 

gent 

cent 
of c 
T 

solu 

chal 

: the 

mar 

unti 

long 

| first 
but 

The 

of tl 

stop 
also 

feet. 

ship 

E 

Spat 

botr 

by 

hort 

the 

COpF 

the 
40 fe 

and 

zone 


als that 
‘opyrite 
te veins 
ll three. 
during 
regular, 
owever, 
margins 
ounger. 
sociated 


prothite 
having 
through 
rite by 
moved 
coating 


compo- 
lifferent 
is con- 
ne lodes 
ontinue 
3 and 4 
es show 
y. 
nel was 
offered 
ode the 
still is. 
e other 


of soft 
| masses 
's to be 
yarently 
are the 


ortheast 
rosscut, 
ide. It 
changes 
nearly 


MINERAL DEPOSITS 469 


vertical; in places it dips 85°NW., in other places 85°SE. A stope 25 feet long, 
15 to 30 feet high, and 5 to 7 feet wide along the more highly mineralized part of 
the lode yielded 3 cars or about 100 tons of ore reported to contain 1-2 per cent 
copper and 12 ounces of silver per ton. 

The lode has been abundantly impregnated with chalcedony through a zone 7 to 
§ feet wide and contains much globular and botryoidal pyrite and marcasite and in 
places considerable barite. Locally, the walls of the drift are coated with crystals 
of chalcanthite, which suggests the presence of now unknown primary copper 
minerals. 

The chalcedonization is widespread; it extends outward from both sides of the 
drift and encroaches upon the even broader zone of sericitized andesite. Because 
of the very thorough chalcedonization, walls stand firmly without support. Scme 
pyrite is disseminated through the chalcedony, apparently associated with the 
general wall-rock alteration, but the globular variety has been added to the more 
central parts of the lode, particularly in the vicinity of the late bunches and seams 
of coarsely crystalline barite. 

The fracture zone apparently provided ready access to the early mineralizing 
solutions and permitted extensive sericitization and later also widespread and intense 
chalcedonization and some pyritization. After this stage of wall-rock alteration 
the fracture zone was fed by solutions that carried in the second-stage pyrite and 
marcasite, but it received no further contributions from the mineralizing solutions 
until a resurgence brought in the late-stage barite and possibly some of the sulfosalts. 

Copper lode-—The Copper lode has been exposed along a drift more than 400 feet 
long driven mostly northeast of the Moran crosscut (Fig. 2). South and for the 
first 100 feet north of the crosscut the lode strikes N.20°-30°E. and dips 45°-55°NW.., 
but farther on the strike swings to N.45°-50°E., and the dip steepens to 75°NW. 
The lode has been cut by the Moran crosscut in about its widest part. Just north’ 
of the crosscut it has been stoped to a height of 40 feet for a distance of 45 feet; the 
stope is 5 to 7 feet wide and pitches steeply northeast. An underhand stope has 
also been made below the drift to a depth of about 12 feet for a distance of 20 or 30 
feet. Altogether about 250 tons of ore containing 2 to 3 per cent copper have been 
shipped from these stopes. 

Except for the apparent absence of barite, the Copper lode is not unlike the 
Spar lode and is characterized by an abundance of chalcedony and globular and 
botryoidal pyrite and marcasite. The walls of the stope and drift are deeply coated 
by soluble salts of iron and copper; the copper encrustations persist for 150 feet 
northeast of the Moran crosscut. As it was impossible to get into the open stope 
above the drift and as the one below had been filled with waste, the character of 
the ore composing the ore shoot could not be learned. However, the abundance of 
copper salts suggests appreciable amounts of primary copper minerals. 

The chalcedony locally is even more widespread than along the Spar lode and in 
the vicinity of the stope the zone of chalcedonized rock may measure as much as 
40feet across. South of the Moran crosscut the chalcedonized zone pinches abruptly, 
and the mineralization virtually stops. About 150 feet north of the crosscut the 
zone again narrows and from there on ranges from 1 to 4 feet wide. The chal- 
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cedonized zone is bordered everywhere by extensively sericitized andesite, but the 
earlier sericite has been almost entirely eliminated within the zone. Through th 
chalcedonized zone are also disseminated grains of pyrite, but the coarser collofom 
pyrite and marcasite are confined to the more highly mineralized parts of the lod 
and apparently make up the main part of the lode. The rapid oxidation of the 
iron sulfides suggests a local abundance of marcasite. 

As in the case of the Spar lode, the fracture zone provided ready access to the 
early mineralizing solutions, permitting widespread sericitization and locally vey 
extensive chalcedonization and pyritization. The fracture zone was then reached 
by solutions that deposited the second-stage assemblage of chalcedony, pyrite, and 
marcasite, but what happened thereafter is not clear. Certainly the fracture zon 
was not reached by the zinc- and lead-bearing solutions. The relative abundane 
of copper suggests that it may have been reopened in time to receive contributions 
of the late mineral assemblage. 

Iron lode.—The Iron lode has been drifted on for about 300 feet, but because the 
fracture zone escaped chalcedonization the ground is heavy, and the drift is caved 
(Fig. 2). The lode is about 5 feet wide where it is cut by the Moran crosscut, but 
along the drift it is reported to range up to 10 feet wide. It has a more northerly 
trend than the other lodes and may join the Copper lode at the far end of the drift, 
first breaking up into a broad zone of mineralized fractures. 

The lode is composed of sericitized andesite containing small globular masses, 
veinlets, pods, and small lenses of pyrite and marcasite. Some disseminated grains 
of pyrite are also distributed through the sericitized rock, but apparently no silia 
was deposited during the early or succeeding stages of mineralization, and the only 
minerals added after the initial sericite and pyrite were those of the pyrite-marcasite 
stage. 

Bismuth lode—The Bismuth lode lies about 55 feet beyond the Iron lode (Fig. 2) 
but is not easily distinguished from many other zones of mineralized fractures 
between the Iron lode and the Last Chance. The Moran crosscut apparently cuts 
the northeast end of the lode, and stringers containing bismuth minerals are exposed 
only on the south wall of the crosscut. The fracture zone is not pronounced, trends 
about N.10°-20°E., and contains scattered fractures, the more prominent of which 
dip 60°-80°NW. 

The fracture zone is not conspicuously mineralized, but the somewhat sericitized 
rock contains scattered pyritic stringers up to half an inch thick through a zone 
to 8 feet wide and also several seams or stringers of barite and associated sulfosalts, 
locally attaining a width of 4 inches along one wall. 

The early solutions apparently had little effect on the fracture zone. The rock 
was somewhat sericitized, but not chalcedonized nor appreciably pyritized. Solt- 
tions left stringers of the globular pyrite and marcasite, but nothing more was added 
until the late-stage solutions deposited quartz, barite, and the various tin and copper 
minerals. 

Last Chance lode—The Last Chance lode has been exposed in two adits above 
the Moran tunnel and on two levels below, the 100 and 150 (Fig. 5). On the Mora 
tunnel level the lode has been drifted on for a distance of about 500 feet, mostly 
northeast of the point where it was exposed by the crosscut (Fig. 2). 
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In the southwest part of the drift the lode strikes about N.20°E., but after 160 
feet it follows a more easterly course (N.35°E.) and splits into a broad zone of frac- 
tures. The ore shoot has a stope length of about 110 feet along the tunnel level. 
Above the tunnel level the ore shoot pitches about 45°NE. (Fig. 5), but below its 
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Ficure 5.—Longitudinal section along the Last Chance ore shoot 
Dotted line marks ore shoot; cross hatching marks stoped areas. : 


pitch increases to 60°, and then becomes nearly vertical. So long as the ore shoot 
pitches 45°NE. it shows no variation in strike or dip; the walls are remarkably 
straight, and the dip is about 85°NW. The strike length of the ore shoot there 
sanges from 90 to 100 feet, and the thickness from 5 to 7 feet, locally 10 to 11 feet. 
Walls are firm, and few pillars of ore are needed to hold the walls in place. Below 
the Moran level, the trend of the ore shoot alternates between N.20°E. and N.50°E., 
ind its dip, between steeply northwest and steeply southeast. The thickness of 
the ore body remains about the same as above; in most places it is 5 to 7 feet but it 
tanges up to 12 feet where the lode changes its direction of strike. 

The ore is distributed along the lode in irregular stringers, as grains and irregular 
bunches, and as more or less lenticular masses. The ore shoot normally contains 
not less than 2 feet of essentially massive ore; the remainder of the lode contains 
grains and stringers. The ore is not stoped where there is less than 2 feet of compact 
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sulfides. Much of the ore broken for shipment contains about 4 per cent lead, 7 per 
cent zinc, and 2 to 3 ounces of silver and 0.03 ounce of gold per ton. 

The ore is predominantly lead and zinc sulfides, with subordinate iron sulfides, 
and contains but minor amounts of barite and chalcedonized andesite. The ore 
also has negligible quantities of bismuth, shown only by chemical analyses. In 
general the zinc sulfides (largely wurtzite) are distributed throughout the ore shoot, 
but the iron sulfides (globular pyrite and marcasite) occur chiefly in the lower south- 
west margin of the ore shoot, and the galena in the more porous central part. Like 
galena, barite also favors the more open parts of the lode and commonly forms 
crystals and crystalline crusts on the galena and zinc sulfides. There has been 
some supergene enrichment of copper and silver, particularly along the upper edge 
of the pitching ore shoot; secondary copper sulfides, principally covellite, extend 
down about half way from the lower Last Chance tunnel to the Moran level, and 
enriched silver ore about one third the distance. From the lower Last Chance 
tunnel to the upper stopes the ore has been so permeated by soluble iron and copper 
salts as to render it unsuitable for flotation concentration. 

The lode also contains some chalcedonized and pyritized andesite as well as 
minor amounts of the younger chalcedony. The chalcedonized zone, however, is 
scarcely broader than the lode itself and merges rather abruptly with bleached 
sericitized andesite. As long as the stopes and drifts remain in the ore zone, the 
walls stand without much support, but if the workings extend into the bordering 
andesite they are difficult to keep open. 

The Last Chance lode apparently remained open and received variable amounts 
of minerals throughout the period of mineralization. The early solutions permeated 
rather widely and caused considerable sericitization, but left relatively little chal- 
cedony and pyrite. The second surge added minor quantities of chalcedony, pyrite, 
and marcasite; the third, minor chalcedony and the bulk of the sphalerite and 
wurtzite; and the fourth, the galena and a little pyrite and wurtzite, forming also 
some marcasite and wurtzite by alteration of earlier pyrite and sphalerite. Later 
solutions added appreciable quantities of barite and scant sulfosalts and then dickite. 

Hornsilver lode——The Hornsilver lode is largely inaccessible. All that remains 
of the older workings, which formerly extended to the bottom of a 285-foot shaft, 
are the stopes, open to the surface and accessible below from an adit driven about 
10 years ago. Today it is possible to tell where the ore shoot was but virtually 
impossible to obtain any information on the character of the filling. 

The segment of the lode exposed underground strikes N.10°-20°E. and dips 
85°NW. It is in andesite and is terminated at each end by faults, one of which 
has brought andesite in contact with tuffaceous beds. Judging from the size of the 
old stope the ore shoot must have measured up to 7 feet wide and 70 feet long, and 
consisted of lode material that assayed at least $50 in silver. The ore shoot is in@ 
broadly chalcedonized zone, locally up to 30 feet wide. Along the chalcedonized 
zone the andesite is extensively sericitized. 

Much of the early production came from the oxidized silver ore within 65 feet of 
the surface. The richer primary ore was apparently made up of scattered grains 
of galena, sphalerite and wurtzite, and small bunches of the sulfosalts in which 
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sannite, tetrahedrite, enargite, famatinite, klaprothite, aikinite, and chalcopyrite 
have been identified. In the part of the lode now observable, metallic minerals 
other than pyrite and marcasite are rarely visible. Most of the pyritic grains are 
minute, but they are more or less generously distributed throughout the chalce- 
donized rock. Locally, some of the altered andesite contains streaks or zones of 
alunite. 

Like the Last Chance lode, the Hornsilver apparently remained open and received 
variable amounts of minerals throughout the period of mineralization. Most of 
the minerals, however, are those which were deposited early and associated with 
extensive sericitization, chalcedonization, and pyritization. Only relatively minor 
amounts of alunite, pyrite, marcasite, sphalerite, wurtzite, and galena were deposited 
during the remainder of the base-metal stage, but some barite and perhaps appre- 
ciable quantities of sulfosalts were added during final stages. 

Other lodes—Little information is available on either the lode parallel to and a 
few hundred feet east of the Last Chance or of the one of northwest trend that 
passes south of the Moran crosscut. The one east of the Last Chance is reported 
to contain some silver and copper and therefore may have admixtures of the early 
and late mineral assemblages. The one south of the Moran crosscut, reported to 
range up to 30 feet wide, has much iron sulfide. 

In addition to these lodes there are some broad zones of silicified andesite and 
Milligen formation of pertinent interest. Some of the silicified zones are mappable 
(Pl. 1). One lies along the east side of the Hornsilver-Last Chance lode and forms 
a large oval-shaped body several hundred feet wide and several times as long. The 
silicified andesite is white, cherty, and has been mistaken locally for a faulted block 
or window of quartzite. In thin section, the rock is thoroughly silicified or chal- 
cedonized, completely replaced by finely crystalline silica, but retains some of the 
outlines of the former phenocrysts and of structures of the groundmass. Although 
much of the silica forms granular aggregates, some, which fills later fractures, is 
famboyant and microspherulitic. The local silicification appears to be a variant 
of the general mineralization, apparently unpreceded by sericitization or, if preceded, 
all trace of it lost through subsequent silicification. 

On the ridge half a mile east of the body of silicified adesite is a broad zone of 
opalized andesite or latite. 


GENETIC CONSIDERATIONS 


Source of solutions —The deposits are mineralogically and texturally characteristic 
of hydrothermal origin and presumably had their source in solutions emitted fro n a 
deep-seated, magma body. As the deposits are grouped about centers of igneous 
activity, particularly in the fractured volcanics near bodies of intrusive rock 
(Anderson, 1929, p. 47), the source may have been the same magma which earlier 
had supplied the materials for the surface volcanics and then the somewhat later 
intrusions of granite and quartz monzonite porphyries. Minor readjustments 
within the largely consolidated magma body apparently forced the solutions out 
into the fracture zones which also were kept open by movement resulting from the 
same deep-seated structural adjustments. 
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Temperature and pressure——The occurrence of the deposits in surface voleanig 
indicates that the lodes were formed at no great depth (probably not more tha 
2000-3000 feet below the then-existing surface), a fact further substantiated by 
the rather abundant crustification and vugginess of the ore and by the nature ¢ 
some of the minerals in the ore. 

Although certain minerals like pyrite, sphalerite, galena, quartz, and sericit 
may have a rather wide range of stability, minerals like marcasite, wurtzite, chal. 
cedony, alunite, and some of the sulfosalts have a restricted range and are stabk 
only at rather low temperatures. Stannite, on the other hand, may form at, 
higher temperature than other sulfosalts and probably above the temperatures ¢ 
which marcasite and wurtzite are stable. 

The association of low-temperature minerals with persisteat minerals and locally 
with probably rather high-temperature minerals suggests some variation in th 
temperature of the solutions during mineralization. During the early sericitization, 
chalcedonization, and pyritization the solutions probably were hot, but the essentially 
contemporaneous deposition of second-stage marcasite and pyrite, of third-stag 
sphalerite and wurtzite, and of fourth-stage marcasite and wurtzite suggest relatively 
low temperatures. Even the pyrite deposited during the second and later stage 
shows evidence of low-temperature origin, for the investigations of Smith (194) 
p- 13) have shown that anisotropic pyrite forms below some critical temperatur 
which is believed to be between room temperature and 135°C. 

Character of solutions.—The character of the solutions is learned from the minenl 
assemblages. 

SIGNIFICANCE OF SERICITIZATION: As sericitization of the wall rock denotes 
considerable enrichment of the rock in potash, the early solutions probably wer 
alkaline, as are most solutions which deposit hypogene sulfide ores. The solutions 
probably remained alkaline during chalcedonization and pyritization, but with 
the solutions that followed there is evidence of a trend toward mild acidity. 

SIGNIFICANCE OF THE PyrRITE-MARCASITE ASSOCIATION: Deposition of pyrite 
from alkaline and neutral solutions and also from acidic solutions above 450°C, 
and deposition of marcasite from nearly neutral solutions at ordinary room temper 
ture and from acidic solutions at temperatures up to 450°C., are accepted facts 
Their occurrence together is generally regarded as evidence of deposition from 
solutions of relatively low temperature and acidity. 

During the second stage of deposition the pyrite and marcasite are essentially 
contemporaneous; pyrite makes up the core and rim of a grain, and the marcasite 
a narrow, generally concentric band between. The anistrophic character of the 
pyrite indicated that the temperature was probably less than 135°C. (Smith, 19%, 
p. 13); consequently, the solutions must have been somewhat acidic. Apparently 
there was a delicate adjustment between the temperature and acidity; a slight 
shift on the part of either one meant deposition of one mineral rather than the other. 
During the early deposition temperature and acidity apparently favored the form: 
tion of pyrite, but either a slight decrease in temperature or a slight increase i 
acidity caused deposition of marcasite, and then a reversal in controls caused It 
sumption of the formation of pyrite. During the two succeeding stages the acidity 
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of the solutions must have increased somewhat or the temperature lowered materially, 
for marcasite was formed both by deposition from solution and also apparently 
by the reaction of the solutions on the pyrite. 

SIGNIFICANCE OF THE SPHALERITE-MARCASITE ASSOCIATION: The association 
of sphalerite and wurtzite also indicates deposition from solutions of relatively low 
temperature and mild acidity. According to observations by Allen and Crenshaw 
(1914, p. 393-431) sphalerite always crystallizes from alkaline solutions, and from 
acidic solutions above 300°C.; wurtzite always from acidic solutions. The amount 
of sphalerite increases with the temperature, the amount of wurtzite with the acidity 
of the solution. 

In the ore the relations of much of the sphalerite and wurtzite indicate essentially 
contemporaneous development; the two minerals form the same grains either with 
the sphalerite as the core and the wurtzite as the rim or with the two complexly 
interlocked. In some cases there is alternation of the two minerals in concentric 
shells. Generally deposition began as sphalerite, but apparently there was either 
a lowering of temperature or increased acidity which prompted the deposition of 
wurtzite, in part simultaneously with sphalerite. Locally there must have been 
more or less oscillatory fluctuations of the temperature-acidity constants resulting 
in rhythmic alternation of sphalerite and wurtzite, in overlapping admixtures. As 
the zinc sulfide deposition gave way entirely to wurtzite during the latter part of 
the sphalerite-wurtzite stage, probably the temperature of the solution declined, 
or the acidity of the solution increased, favoring the formation of wurtzite. 

During the fourth or galena stage of deposition the solutions must have continued 
to remain acidic and apparently converted some of the earlier sphalerite to wurtzite 
just as they had changed some of the pyrite to marcasite. Some pyrite deposited 
just before the galena may indicate initial higher temperature for the solution, but 
apparently little temperature decline or acidity increase was needed to favor deposi- 
tion of wurtzite and marcasite. The solutions must have been decidedly acidic 
at the close of the galena stage, for then wurtzite was deposited on the galena. 

SIGNIFICANCE OF ALUNITE, BARITE, AND DickiTE: Both alunite and barite 
are sulphates and hence are regarded as products of acid solutions. The presence 
of alunite with the second-stage minerals at the Hornsilver mine tends to confirm 
what the pyrite-marcasite association implies—the early solutions soon become 
acidic. 

The presence of barite as one of the earliest minerals in the late assemblage (pre- 
ceded locally only by quartz) suggests that the solutions that carried the sulfosalts 
also were acidic, but the presence of pyrite and stannite indicates considerable 
higher temperatures than during the earlier base-metal stage of mineralization, so 
high in fact that the formation of marcasite was inhibited. Since dickite is formed 
in an acidic environment, its presence indicates that the solutions remained acidic 
to the close of mineralization. 

SIGNIFICANCE OF COLLOFORM StRucTURES: The occurrence of pyrite and mar- 
casite in globular and botryoidal forms with radiating fibrous and concentric struc- 
tures and the occurrence of sphalerite and wurtzite with divergent fibrous and bladed 
structures, in part in concentric shells, suggests the possibility of colloidal phenomena 
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during mineralization. Colloform structures especially with the development of 


concentric and radial cracks are regarded by Lindgren (1925, p. 255) as strong 
indications of colloidal ancestry. Both Lindgren (1925, p. 247-262) and Boydell 
(1924; 1928) have been strong advocates of the influence of colloidal solutions in 
the formation of mineral deposits, and they as well as Clark and Menaul (1916, 
p. 37-41) have shown that highly dispersed colloids may penetrate rock openings 
almost as easily as solutions and may take part in replacements. Boydell (1928, 
p. 117) further has suggested a possible mechanism by which ore of colloidal origin 
may be formed and has pointed out that a disperse system may contain within 
itself (Boydell, 1928, p. 100) most of the factors necessary for precipitation and 
thus is less dependent upon external causes than an electrolytic solution. Notable 
examples of colloidal deposition in the case of hypogene ores have been found in 
some of the Kennecott ore minerals (Lasky, 1930) and in colloform sulfide veins of 
Port au Port Peninsula, Newfoundland (Watson, 1943). 

Colloform structures result either from transportation of constituents in a colloidal 
sol and their floctuation at the site of deposition, or from transportation of con- 
stituents as a true solution and precipitation as colloids at the site of deposition 
(Watson, 1943, p. 644-646). Crystals of marcasite and chalcopyrite have been 
obtained directly from sols, suggesting the possibility of deposition from colloidal 
suspensions. On the other hand spherical aggregations of amorphous precipitate 
and of globules and stratified crusts and spherulites of stiff jelly of zinc and iron 
sulfides (suggesting colloidal deposition) have been obtained in the laboratory from 
true (non-colloidal) solutions (Allen, Crenshaw, and Johnston, 1912, p. 169-236), 

To account for the local features the writer favors the view that all the constituents 
were carried in a noncolloidal solution and that the iron and zinc sulfides in part 
went through a colloidal stage at the place of deposition. The presence of some 
concentric and radial cracks in the globular, botryoidal, and crustified forms sup 
port a colloidal origin, as does the open, spongelike character of some of the zinc 
sulfides; the minerals form rounded or elliptical grains in very loose contact with 
each other, suggesting coagulation and shrinkage of jell-like globules of colloidally 
deposited material. Diffusion of dispersed colloidal material into the walls ap- 
parently has given rise to the embedded pyritic globules and some of the disseminated 
granules of zinc sulfides. 


SUMMARY AND CONCLUSIONS 


The mineralization of these rather exceptional base-metal deposits and the igneous 
activity are evidently closely related events. Both the igneous activity and the 
lodes show a marked dependence on a zone of structural weakness apparently 
developed during the late Mesozoic orogeny when faulting brought about the duplic- 
tion of the Upper Mississippian strata on the two sides of the valley of Champagne 
Creek and facilitated deep valley carving prior to the extrusion of the Tertiary 
volcanics. The fault zone may have directed the extrusion of flows and pyroclastics 
during the Oligocene epoch and certainly facilitated and guided the intrusion of the 
granite porphyry during early Miocene time, with invasion and arching of the vo 
canics above. After intrusion, marginal fractures, probably developed during 
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dosing stages of igneous activity in response to deep-seated adjustments, provided 
channels for the escape of late magmatic fluids and localized ore deposits in the 
volcanics close to the surface. 

The solutions emitted from the magmatic source moved upward along whatever 
fracture zones were open or permeable at the time, depositing in them whatever 
constituents were then carried in solution. The earliest solutions had access to all 
fracture zones, but thereafter reopening in response to structural adjustments was 
sporadic or selective, and some of the fracture zones were reopened but once or 
twice or not at all. As the composition of the solutions changed during the course 
of mineralization, the intermittent reopening and deposition or lack of reopening 
and deposition meant a considerable variation in the kinds and amounts of substances 
contributed to each of the lodes. There was one marked break in the composition 
of the changing solutions, a break that has made possible a separation into an early 
base-metal mineral assemblage and a later barite-bismuth-tin-copper assemblage. 

As the solutions first reached the fracture zones they apparently were alkaline 
and possessed a moderate amount of heat, causing widespread sericitization and 
in places extensive chalcedonization and some pyritization. The solutions that 
followed, on the other hand, were apparently acidic and of rather low temperature, 
probably for the most part less than 135°C. As the solutions changed from alkaline 
to acidic they locally caused the development of a little alunite and then deposited 
pyrite and marcasite practically simultaneously with a temperature-acidity balance 
so delicate that pyrite deposition changed to marcasite and then back to pyrite. 
The acidity may have been even higher later when sphalerite and wurtzite were 
deposited together, in places in alternating succession, and then wurtzite alone. 
Structures of the iron sulfides of the second stage and of the zinc sulfides of this the 
third stage suggest colloidal deposition from the ore-bearing solutions. During 
the fourth stage the solutions may initially have had a somewhat higher temperature 
as the pyrite was deposited, but there is a suggestion that the acidity was greater 
than before and that the solutions by reaction converted some of the earlier pyrite 
to marcasite and some of the sphalerite to wurtzite. The solutions also deposited 
some marcasite and possibly wurtzite, then the galena, and after the galena more 
wurtzite. 

During the deposition of the late assemblage the solutions apparently remained 
acidic with deposition of quartz and barite at the beginning and dickite at the end. 
The temperature apparently started out moderately high with deposition of pyrite 
and stannite and then declined to relatively low levels. 

Variations in temperature during the course of mineralization raise some inter- 
esting speculations. According to Graton (1933, p. 521) the temperature of the 
solutions may be expected to decline from source to outlet as the solutions constantly 
lose heat to the channelways, but through continued flow of the solutions the chan- 
nels become heated, and the solutions become hotter as mineralization proceeds. 
The local conditions suggest that the initial solutions possessed a moderate amount 
of heat but continued to lose heat to the bordering rocks, unless the chalcedony 
and pyrite possessed higher heats of formation than the sericite; in which case the 
alteration of the rock would be on an ascending thermal scale. During the next 
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several stages, however, temperatures were probably lower than during the firg 
stage, and the decline probably continued into the zinc sulfide stage, reflecting perhaps 
cooling at the source. There may have been a slight rise in temperature at th 
beginning of the galena stage and then a further gain at the end when wurtzite wx 
deposited on the galena. If so, there would also have had to be a material increag 
in acidity to prevent deposition of sphalerite. 

With the introduction of the late assemblage of minerals there was a notable rig 
in the temperature of the solutions, perhaps because of the derivation of the solutions 
from a hotter or deeper source, but from an early maximum temperature the mip. 
erals were deposited on a declining temperature scale. Possibly the solutions locally 
had too limited a volume and lost heat too readily to the cool volcanic rocks, thy 
preventing any material rise in temperature through continued flow of solutions 
More than likely the local fluctuations in temperature reflect for the most part the 
variations in temperature at the magmatic source. 
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Piate 2.—PHOTOMICROGRAPHS OF POLISHED SECTIONS SHOWING 
RELATIONSHIPS OF PYRITE AND MARCASITE 
(All figures X42) 
FiGurRE 

1.—Shows radial fibrous structure of much of the second-stage pyrite. 

2.—Blades of marcasite (M) enclosed as an interrupted layer near the outer margin of a fibrous 
pyritic globule. Radial and concentric fractures filled with chalcedony suggest shrinkage 
phenomena. 

3.—Massive marcasite (M) well toward the base of the pyritic globule and coated by a deep layer 
of fibrous pyrite (Py). Cracks in the globular body are filled with chalcedony. 

4.—Fractured pyrite cemented by sphalerite-wurtzite veinlets (dark). 

5.—Shows various ringlike, ovoid, and other forms assumed by the smaller grains of pyrite (light) 
which are engulfed in zinc sulfides (dark). 

6.—Fractured sphalerite-wurtzite (dark gray) cemented by veinlets containing pyrite (Py) and 
galena (Ga), minerals of the fourth stage of mineralization. The pyrite is corroded and 
partly replaced by the galena. 
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Figure 5 Ficure 6 


PHOTOMIGROGRAPHS OF POLISHED SECTIONS SHOWING RELATIONSHIPS 
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EXPLANATION OF PLATES 2-4 481 


Pirate 3.—PHOTOMICROGRAPHS OF THIN SECTIONS OF CHALCEDONIZED AND 
ALUNIZED ANDESITE AND OF SPHALERITE-WURTZITE RELATIONSHIPS 
(All figures X27) 
FIGURE 
1.—Chalcedonized andesite with small disseminated grains of pyrite (near southwest margin) cut 
by irregular branching veinlet of second-stage chalcedony with large grains of pyrite and pos- 
sibly marcasite. Skeleton barite crystal of late mineral assemblage near northeast margin of 
section. Plane polarized light. Hornsilver mine. 
2.—Same as above with crossed nicols. Early chalcedony shows fine aggregate structure; second- 
stage chalcedony is relatively coarse. 
3.—Bladed crystals of alunite penetrating aggregate chalcedony. Some of the blades are enclosed 
within younger pyrite (black). Crossed nicols. 
4.—Showing how a single large grain of zinc sulfide is made up of complexly interlocked sphalerite 
(black) and wurtzite (light). Crossed nicols. 
5.—Zinc sulfide veinlets (dark) composed of sphalerite and wurtzite in chalcedony (light) in plane 
polarized light. The sphalerite and wurtzite are individually indistinguishable. 
6.—Same as Figure 5 but with crossed nicols. Shows the intimate and complex associations of the 
sphalerite (black) and wurtzite (light, tabular areas). 
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Pirate 4.—PHOTOMICROGRAPHS OF POLISHED SECTIONS SHOWING 
RELATIONSHIPS OF LATE-ASSEMBLAGE SULFOSALTS 


(All figures X42) 
FicurE 


1.—White aikinite lath containing irregular patches of klaprothite (light gray) penetrating grai 
of tetrahedrite (T) and stannite (S). Because of its superior hardness the polished —_ j 
has a pitted surface which makes it easy to distinguish from the more smoothly polished 
hedrite. 

2.—Grains of stannite (S) penetrated by white aikinite laths. The aikinite holds patches of Kiam 
rothite, some of which appear as residual islands, others as irregular veinlets penetrating the 
aikinite. 

3.—Tetrahedrite as irregular gray mantles on the white aikinite laths, interpreted as remnant} : 
grains penetrated and replaced by the aikinite crystals. 

4.—Tetrahedrite grains (T) retained as remnant inclusions in aikinite (white) which has 
trated and replaced stannite (S). Some famatinite (F) and klaprothite are included wi 
the aikinite. 


5.—Famatinite (F) with a delicate net of tiny interlacing klaprothite veinlets and containing sc 
tered inclusions of pyrite (Py) penetrated by crystals and grains of aikinite (white to light 
gray). Note inclusions within the aikinite grains. 

6.—Aikinite lath (white) with a relatively large inclusion (F) of famatinite (with klaprothite vei 
lets) and with scattered irregular patches of klaprothite (K). Some of the klaprothite patel 
appear at margins of the aikinite body with relations that suggest replacement of the aikinitt 
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